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PREFACE. 


It has been my endeavor in this book to lead by easy stages a 
reader, entirely unacquainted with the subject, to an appreciation 
of some of the fundamental conceptions in the general theory of 
algebraic numbers. With this object in view, I have treated the 
theory of rational integers more in the manner of the general 
theory than is usual, and have emphasized those properties of 
these integers which find their analogues in the general theory. 
The same may be said of the general quadratic realm, which has 
been treated rather as an example of the general realm of the 
nth degree than simply as of the second degree, as little use as 
was possible, without too great sacrifice of simplicity, being made 
of the special properties of the quadratic realm in the proofs. 
The theorems and their proofs have therefore been so formulated 
as to be readily extendable, in most cases, to the general realm 
of the mth degree, and it is hoped that a student, who wishes to 
continue the study of the subject, will find the reading of works 
on the general theory, such as Hilbert’s Bericht tber die Theorie 
der Algebraischen Zahlkorper, rendered easier thereby. The 

“realm k(\/—1) has been discussed at some length with two 

“objects in view; first, to show how exactly the theorems relating 
to rational integers can be carried over to the integers of a higher 
realm when once the unique factorization theorem has been estab- 
lished ; and second, to illustrate, by a brief account of Gauss’ work 
in biquadratic residues, the advantage gained by widening our field 
of operation. The proofs of the theorems relating to biquadratic 
residues have necessarily been omitted but the examples given will 
make the reader acquainted with their content. The realms 
k(V —3) and k(\V2) have been briefly discussed in order to 
introduce the reader to modifications which must be made in our 
conceptions of integers and units. In k(.\/ —5), the failure of 
the unique factorization law is shown and its restoration in terms 
of ideal factors is foreshadowed. 


Vv. 


V1 PREFACE. 


References have been given more with a view to aiding the 
student in continuing his study of the subject than to pointing out 
the original source of a theorem or concept. 

The author has adopted the term “realm” as the equivalent of 
korper, corpus, campus, body, domain and field, as it has the 
advantage, he believes, of not having been used in any other 
branch of mathematics. It is suggested by Gauss’ use of the 
term “ Biirgerrecht” in connection with his introduction of the 
integers of k(\/ —1) as his field of operation (see p. 218). 

Many numerical examples have been given, especially in cases 
involving ideals, and it is hoped that through them the student 
may attain some familiarity with the methods of reckoning with 
algebraic numbers. The fact that the earlier discoveries in the 
theory of numbers were made inductively inspires the belief that 
such discoveries may also be made in the higher theory, if a 
sufficient amount of numerical material be at hand. 

The following is a list of the principal authorities that have been 
consulted, the abbreviations used in citation being given. The 
lectures of Professor Hilbert, mentioned above, the use of which 
he kindly allowed me. Bachmann: Die Lehre von der Kreis- 
‘theilung; Elemente der Zahlentheorie; Niedere Zahlentheorie; 
Allegmeine Arithmetik der Zahlenkorper. Borel et Drach: Le- 
cons sur la Theorie des Nombres et Algebra. Cahen: Elements 
de la Theorie des Nombres, cited as Cahen. Cayley: Encyclo- 
paedia Britannica, 9th ed., Vol. XVII, pp. 614-624. Chrystal: 
Algebra. Dirichlet-Dedekind: Vorlesungen tber Zahlentheorie, 
4th ed, cited as Dirichlet-Dedekind. Gauss: Disquisitiones Arith- 
meticae, Works, Vol. I; Theoria Residuorum Biquadraticorum, 
Commentatio Prima, Commentatio Secunda, Works, Vol. II. 
Hilbert: Bericht tber die Theorie der Algebraischen Zahlkorper, 
Jahresbericht der Deutschen Mathematiker-Vereinigung, Vol. IV, 
cited as Hilbert: Bericht. Kronecker: Vorlesungen tiber Zahlen- 
theorie. Laurent: Theorie des Nombres, Ordinaires et Alge- 
briques. Mathews: Theory of Numbers, cited as Mathews; also 
Encyclopaedia Britannica, Supplement, Vol. XX XI. Minkowski: 
Geometrie der Zahlen; Diophantische Approximationen. H. J. 
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S. Smith: Repert on the Theory of Numbers, Collected Mathe- 
matical Papers, Vol. I, pp. 38-364, cited as H. J. S. Smith. Tsche- 
byscheff : Theorie der Congruenzen. Weber: Algebra. Wertheim; 
Elemente der Zahlentheorie; Anfangsgrtinde der Zahlenlehre. 

In conclusion, I wish to express my most sincere thanks to 
Professor Hilbert for having given me my first interest in the 
subject of the theory of numbers by his lectures, which I attended 
in the winter semester, 1897-98, at Gottingen, for his continued 
interest in my work, and for his great kindness in writing an 
introduction to this book. I desire also to acknowledge my 
indebtedness to Professor James Harkness of McGill Uni- 
versity for many helpful suggestions, and to the late Professor 
J. Edmund Wright of Bryn Mawr College and my colleague 
Professor W. H. Jackson for valuable assistance with the proof 
sheets. 

LecH W. ReEIp. 
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INTRODUCTION. 


Die Zahlentheorie ist ein herrlicher Bau, erschaffen und auf- 
gefuhrt von Mannern die zu den glanzendsten Forschern im 
Bereiche der mathematischen Wissenschaften gehdren: Fermat, 
Euler, Lagrange, Legendre, Gauss, Jacobi, Dirichlet, Hermite, 
Kummer, Dedekind und Kronecker; Alle diese Manner haben in 
den begeistersten Worten ihrer hohen Meinung tiber die Zahlen- 
theorie Ausdruck gegeben und bis heute giebt es wohl keine 
Wissenschaft, von deren Ruhme ihre Junger so erfillt sind, wie 
von der Zahlentheorie. Man preist an der Zahlentheorie die 
Einfachheit ihrer Grundlagen, die Genauigkeit ihrer Begriffe und 
die Reinheit ihrer Wahrheiten; man rihmt sie als das Vorbild 
fiir die anderen Wissenschaften, als die tiefste unversiegbare 
Quelle aller mathematischen Erkenntniss und als reiche Spenderin 
von Anregungen fur andere mathematische Forschungsgebiete 
wie Algebra, Funktionentheorie, Analysis und Geometrie. Dazu 
kommt, dass die Zahlentheorie vom Wechsel der Mode unab- 
hangig ist und dort nicht wie oft in anderen Wissensgebieten, 
bald die eine Auffassung oder Methode tbermassig sich auf- 
bauseht, bald zu anderer Zeit unverdiente Zuriicksetzung erfahrt ; 
in der Zahlentheorie ist oft das alteste Problem noch heute 
modern, wie ein echtes Kunstwerk aus der Vergangenheit. 

Und dennoch ist jetz wie frither wahr, wortiber Gauss und 
Dirichlet klagten, dass nur eine geringe Anzahl von Mathe- 
matikern zu einer eingehenden Beschaftigung mit der Zahlen- 
theorie und zu einem vollen und freien Genusse ihrer Schonheit 
gelangt. Zumal ausserhalb Deutschlands und unter der heran 
wachsenden mathematischen Jugend ist arithmetisches Wissen 
nur wenig verbreitet. 

Jeder Liebhaber der Zahlentheorie wird wiinschen, dass die 
Zahlentheorie gleichmassig ein Besitz aller Nationen sei und 
gerade besonders unter der jungen Generation, der die Zukunft 
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gehort, Pflege und Verbreitung finde. Das vorliegende Buch 
steckt sich dieses Ziel: M6ge es dasselbe erreichen, indem es nicht 
nur dazu beitrage, dass die Elemente der Zahlentheorie Gemein- 
gut aller Mathematiker werden, sondern, indem es auch zugleich 
als Einfihrung und Erleichterung zum Studium der darin ge- 
nannten Originalwerke diene, sowie zur selbstandigen Betha- 
tigung der Zahlentheorie anrege. Bei der liebevollen Vertiefung 
des Verfassers in die Zahlentheorie und bei dem hingebenden 
Verstandniss, mit dem der Verfasser in das Wesen derselben 
eingedrungen ist, durfen wir auf die Erftillung dieses Wunsches 
bauen. 


Davip HILBERT. 
GOTTINGEN, 10, Marz, 1907. 


TRANSLATION. 


The theory of numbers is a magnificent structure, created and developed 
by men who belong among the most brilliant investigators in the domain 
of the mathematical sciences: Fermat, Euler, Lagrange, Legendre, Gauss, 
Jacobi, Dirichlet, Hermite, Kummer, Dedekind and Kronecker. All these 
men have expressed their high optnion respecting the theory of numbers in 
the most enthusiastic words and up to the present there is indeed no 
science so highly praised by its devotees as is the theory of numbers. In 
the theory of numbers, we value the simplicity of its foundations, the 
exactness of its conceptions and the purity of its truths; we extol it as 
the pattern for the other sciences, as the deepest, the inexhaustible source 
of all mathematical knowledge, prodigal of incitements to investigation in 
other departments of mathematics, such as algebra, the theory of func- 
tions, analysis and geometry. 

Moreover, the theory of numbers is independent of the change of 
fashion and in it we do not see, as is often the case in other depart- 
ments of knowledge, a conception or method at one time given undue 
prominence, at another suffering undeserved neglect; in the theory of 
numbers the oldest problem is often to-day modern, like a genuine 
work of art from the past. Nevertheless it is true now as formerly, a 
fact which Gauss and Dirichlet lamented, that only a small number of 
mathematicians busy themselves deeply with the theory of numbers and 
attain to a full enjoyment of its beauty.” Especially outside of Germany 
and among the younger mathematicians arithmetical knowledge is little 
disseminated. Every devotee of the theory of numbers will desire that it 
shall be equally a possession of all nations and be cultivated and spread 
abroad, especially among the younger generation to whom the future 
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belongs. Such is the aim of this kook. May it reach this goal, not only 
by helping to make the elements of the theory of numbers the common 
property of all mathematicians, but also by serving as an introduction to 
the original works to which reference is made, and by inciting to inde- 
pendent activity in the field of the theory of numbers. On account of 
the devoted absorption of the author in the theory of numbers and the 
comprehensive understanding with which he has penetrated into its nature, 
we may rely upon the fulfilment of this wish. 


= oar: 
cera: 


CHAPTER <T. 
PRELIMINARY DEFINITIONS AND THEOREMS. 


§1. Algebraic Numbers. Algebraic Integers. Degree of an 
Algebraic Number. 

It will be assumed in this book that the complex number system 
has been built up and that the laws to which the four fundamental 
operations of algebra are subject have been demonstrated to hold 
when these operations are performed upon any numbers of this 
system. 

We shall occupy ourselves with certain properties of a special 
class of these numbers, known as algebraic numbers, these prop- 
erties flowing in the greater part from the relation in which two 
numbers stand to one another when one is said to be a divisor of 
the other. We proceed to define an algebraic number. 

A number, a, is said to be an algebraic number when it satisfies 
an equation of the form 


a" +a, at es + ay *¥ +A,=0 I) 
where a,, @.,°**,@n are rational numbers. We shall call an equa- 
tion of form 1) a rational equation. The simplest algebraic 
numbers are evidently the rational numbers. An algebraic num- 
ber is said to be an algebraic integer or briefly an integer, when 
it satisfies an equation of the form 1) whose coefficients, a,, ds, 
"+, Qn, are rational integers. The simplest algebraic integers are 
the positive and negative natural numbers. An algebraic number, 
a, evidently satisfies an infinite number of rational equations, for 
if a satisfy 1), it also satisfies any equation formed by multiplying 
I) by an integral function of + of the form 


am tb emt tees) tb bn x + bm, 
where 0,,:-:, bm are rational numbers, and this equation will be of 


the form 1). There will be however among all these rational 


I I 
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equations satisfied by a, one and only one of lowest degree, /. 
For suppose that a satisfied two different rational equations of the 
Ith degree, / being the degree of the rational equation of lowest 
degree satisfied by a, and let these equations be 


v'tawrttt---ta=o 2) 
ett bxtt +--+ bo 3) 
Then @ will satisfy the equation formed by subtracting 3) from 
2); that is, (a, —b,)x#'1*+---+a,—bi=0 4) 


Unless 4) be identically zero, a satisfies a rational equation of 
degree lower than the /th, which is contrary to our original sup- 
position. Therefore 4) is identically 0, and 2) and 3) are the 
same equation. Hence a satisfies only one rational equation of 
the /th degree. 

This equation is irreducible; that is, its first member can not 
be resolved into factors of lower degree in x, with rational coeffi- 
cients ; for if 
eee + a= (4 mee ute atk Ge bn) 
| X (Feet po pen), 
where 0,, ---, Dn, €,, -++, Ce are rational numbers, a@ would satisfy 
one of the rational equations 

ah -- ar ~f eee + D0; ak + ro ec +-:: at Cy =O. 
This is, however, impossible since both of these equations are of 
lower degree than the /th. Hence the rational equation of lowest 
degree, which a satisfies, is irreducible. If / be the degree of 
this equation, a is said to be an algebraic number of the /th 


degree. 
THEOREM I. Jf a be an algebraic number, 
A) =s par 4. a0 
the single rational equation of lowest degree which a satisfies, 
and 7(4) —2° + 0" 4 0 
any other rational equation satisfied by a, then f,(x) is a divisor 


of f.(*). 
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We can always put f,() in the form 


fo(v) =fs(4) “fhil*) +f(4) 2) 
where f,(%) and f,(°) are rational integral functions of + whose 


coefficients are rational integers and f,(«) of lower degree than 
f,(*). Substituting a for + in 2) we have 


f2(a) = f,(a) ‘fi(a) paca) 


whence, since {,(a@)==o and f,(a)=0, f,(a)=0; that is, unless 
f,(#) is identically 0, a will satisfy a rational equation, f,(4) =o 
of lower degree than the /th. But this is contrary to our original 
hypothesis. Hence f,(%) is identically zero, and f,(1) is there- 
fore a divisor of f,(4+). 

We shall see later (Chap. II, Th. 4) that the rational equation 
of lowest degree which an algebraic number, a, satisfies, deter- 
mines the question whether or not a is an algebraic integer; that 
is, that the coefficients of the single rational equation of lowest 
degree, which an algebraic number, a, satisfies, shall be integers, 
is a necessary as well as sufficient condition for a to be an alge- 
braic integer. 


§2. Algebraic Number Realms. 

A system of algebraic numbers is called a number realm or 
briefly a realm, if the sum, difference, product and quotient of 
-every two numbers of the system, excluding division by 0, are 
numbers of the system; that is, if the system is invariant with 
respect to these four operations. 

The simplest example of a realm is the system of all rational 
numbers, for evidently the sum, difference, product and quotient 
of any two rational numbers are rational numbers. Another ex- 
ample is the system of numbers of the form ++ y V —1, where 
x and y take all rational values. For the sum, difference, product 
and quotient of any two of these numbers are numbers of this 
form. 


§ 3. Generation of a Realm. 
If a be any algebraic number, the system consisting of all num- 
bers, which can be formed by repeated performance upon a of the 


4 PRELIMINARY DEFINITIONS AND THEOREMS. 


four fundamental reckoning operations, that is, the system con- 
sisting of all rational functions of a with rational coefficients, will 
be a realm. 

For the sum, difference, product and quotient of any two ra- 
tional functions of a are rational functions of a and hence num- 
bers of the system. 

We say that a generates this realm. We say also that a defines 
the realm and denote the latter by k(a). The rational realm can 
be generated by any rational number, a; for a divided by a gives 
I, and from 1 by repeated additions and subtractions of 1, we can 
obtain all rational integers, and from them by division all rational 
fractions. As the number defining the rational realm we generally 
take 1, thus denoting the realm by k(1). More usually, how- 
ever, the rational realm is denoted by the letter R. The realm 
given as the second example in the last paragraph can be generated 
by V—1; for V—1 divided by \/—1 gives 1, and from 1 we 
can generate the rational realm and then by multiplying W—1 
by all rational numbers in turn and adding to each of these 
products each rational number in turn, we obtain all numbers of 
the form «+ y\/—1I, where x and y take all rational values. 
This realm is therefore denoted by k(\/—1). We have seen in 
the last example that among the numbers of k(./—1) are found 
all the numbers of the rational realm. It may be easily seen that 
this is true of every realm; that is, every realm contains R; for if 
w be any number, w divided by w gives 1, and from I we can 
generate FR. It is well to observe that, although \/—1 is the 
number which most conveniently defines k(.\/—1) and is indeed 
the one usually selected, it is not the only number that will serve 
this purpose. We see, on the contrary, that this realm can be 
generated by any number of the form a-++-b\/—1 where a 
and b are rational numbers, and b=-o; that is, k(\/—1) and 
k(a+bV—1) are identical; for since k(a-+b\/—1I) con- 


: : gaat ety oe 
tains FR, it contains a@ and b and hence Gate! = ,= V—I. 


Therefore k(a+b1/—1I) contains all numbers of k(.\/—1). 


Moreover since k(\/—1) contains a+ b \/—1, it contains all 
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numbers of k(a+bVW—1). Hence k(\/ —1) is identical with 
k(a+bV—1). It may be shown similarly that any realm 
may be defined by any one of an infinite number of its num- 
bers; as, for example, if a be any algebraic number, k(a) and 
k(a-+ ba), where a and Db are rational numbers, and b=-o are 
identical. A realm may be generated by any number of algebraic 
numbers. If a, @,-::,A are a finite number of algebraic numbers, 
the system consisting of all rational functions of these numbers 
with rational coefficients is a realm which we denote by k(a, B, 
----A). It can be shown, however, that in every realm k(a, B, 
-++,4) we can find a number 6 such that k(a, B, -:-, A) =k(6). 
We shall not prove this, as all realms discussed in this book will 
be defined by a single number. 


§4. Degree of a Realm. Conjugate Realms. Conjugate 
Numbers. 
If the rational equation of lowest degree which a satisfies be 


art a,vt +--+ a,=0 1) 
then k(a) is said to be of the nth degree. That is, the degree of 
a realm is the degree of the number defining the realm. Thuis 
lowest degree which \/—1 satisfies is +?+1==o0. Likewise 
k(V2) is of the third degree. There is evidently only one realm 
of the first degree k(1), but an infinite number of all other de- 
grees. If the remaining roots of 1) bea’,a”,--:,a”, thenn — I 
realms k(a’), k(a”),--:,k(a™») are called the conjugates of 
k(a). 

If 6 be any number of k(a), it is a rational function of a, which 
we may denote by r(a). Then 6’=—r(a’), 0’=r(a”), °°, 
gr) —7(q"-)), which are derived from 6 by the substitutions 
a:a’,a:a”;-:-,a:a@, are called the conjugates of 0. 


§ 5. Forecast of Remaining Chapters. 

We shall consider now several special realms. In each we shall 
find an infinite number of algebraic integers, the study of whose 
properties in their mutual relations will be our task. It will be 
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observed that the properties of an integer depend upon the realm 
in which it is considered to lie. Thus the integer 5 is unfactor- 
able in R and in k(\/—3), but in k(.\/—1) it is the product of 
two integers, 2-+- \/— 1 and 2— V/— I. 

The realms will be taken up in the order of their degrees. 
That is, the first to be studied will be R, which is, as has been 
already said, the only realm of the first degree. We shall then 
take up in turn four special examples of quadratic realms, 
k(V—1), R(V—3), k(V2) and k(VW—S5). In the cases of 
k(V—1), k(V—3) and k(V/2), we shall see that, with the 
mtroduction of a few new conceptions, the integers of these 
realms obey in their relations to each other laws almost identical 
with those governing the integers of R. 

In the case of k(.\/—5) we shall observe an important differ- 
ence, and at first sight it will seem that our old laws have no 
analogues in this realm. By the introduction, however, of the 
conception of the ideal number not only will the difficulties of this 
particular realm be overcome, but we shall be able to establish 
in terms of these ideal numbers general laws for the mutual rela- 
tions of the integers of any quadratic realm, which are analogous 
to those already found for the integers of the special realms ex- 
amined. Furthermore the larger part of the theorems proved 
for the integers of the general quadratic realm hold for the in- 
tegers of a realm of any degree whatever. 


CHAPEER “Tf. 
THE RATIONAL REALM. 


DIVISIBILITY OF INTEGERS. 


§1. The Numbers of the Rational Realm. 

The rational realm consists of the system of rational numbers, 
any one of which, except 0, may be taken to define it. It is 
usually denoted by k(1) or simply R. The absolute value of a 
number, 7, of R is m taken positively and is denoted by |m|. Thus 


| 5|=5s. 
The absolute value of a number is used when the result of an 
enumeration ts to be expressed as a function of this number. 


§2. Integers of the Rational Realm. 

The positive and the negative rational integers are evidently 
integers of R, for they satisfy equations of the form +-+a=o, 
where a is a rational integer. The sum, difference and product 
of any two rational integers are seen to be integers. The ques- 
tion will at once be asked, are these all the numbers of the rational 
realm which are algebraic integers under the definition given of 
an algebraic integer (Chap. I, § 1). That is, although a rational 
fraction, b/c, where b is not divisible by c evidently cannot satisfy 
an equation of the form 2 -—+ ao, where a is a rational integer, 
we have not yet shown that b/c cannot satisfy an equation of 
higher degree than the first and of the form 


aw" + aya"? +--++a,=0, 
where a,, a@., °**,@, are rational integers. 

To show this, it is necessary to prove first that a rational integer 
can be resolved in one and only one way into prime factors. 
Therefore, until we have proved this theorem, the integers with 
which we are dealing should be looked upon as merely the ordi- 
nary rational integers. When we have proved the above theorem 


~ 
/ 


8 THE RATIONAL REALM—INTEGERS. 


we shall see that the system of rational integers and the system 
of integers of R are coextensive. 


§ 3. Definition of Divisibility. 

An integer, a, is said to be divisible by an integer, b, when there 
exists an integer, c, such that abc; then b and ¢ are said to be 
divisors, or factors, of a and a is said to be a multiple of b and c. 
Furthermore, a is said to be resolved into the factors b and c, or 
to be factored. 

We have, as direct consequences of the definition of divisibility 
and the fact that the sum, difference and product of any two 
integers are integers, the following: 

1. If a be a multiple of b, and b a multiple of c, a is a multiple 
of c. For since a is a multiple of 0, we have a=a,b, and 
since 6 is a multiple of c, b==b,c. From which it follows that 
a==a,b,c. Hence ais a multiple of c. In general if each integer 
of a series a, b, c, d, -::, be a multiple of the one next following, 
each integer is a multiple of all that follow it; that is, if a be a 
multiple of b, b a multiple of c, c a multiple of d, etc., a is a mul- 
tiple of 6b, ¢, d, --*, b a multiple ofc, d, ---, etc. 

ii. If two integers a and b be multiples of an integer c,a+b 
and a—b are multiples of c. If two or more integers a, D, c, --*’ 
be each divisible by an integer m, m is said to be a common 
divisor or common factor of a, b, c,-::. If an integer, m, be a 
multiple of two or more integers, a, b, c, --:, m is said to be a 
common multiple of a, b, c,-+°4 


§ 4. Units of the Rational Realm. 

There are two integers, 1 and —1, which are divisors of every 
rational integer and they are the only rational integers that enjoy 
this property. 

We call 1 and —1 the units of R. 

Any integer which is divisible by m is also divisible by —m; 
hence any two integers which differ only by a unit factor are 
considered as identical in all questions of divisibility. We say 


* Throughout this book the letters of the Latin alphabet will always 
denote rational numbers, unless there be a direct statement to the contrary. 


THE RATIONAL REALM—INTEGERS. 9 


that two such integers are associated, and call either one the asso- 
ciate of the other. Two integers, a and b, each of which divides 
the other, are associates, for if a==cb and b—=da where c and d 
are integers, then cd—=1, and hence c—+1. Two integers 
whose absolute values are the same are evidently associates. For 
the sake of generality we consider an integer as associated with 
itself. 
Thus the associates of 5 are 5 and —5 since 


5=1-5 and —5——I'‘65. 


The factorizations of 30, 


JO 42S 5: 
Tp oe Oy OP 
SS ee ae 
ere Te 


are looked upon as identical, since they differ only by the replace- 
ment of one or more of the factors by their associates. 

Two integers with no common divisors other than units are 
said to be prime to each other. 

Under this definition the units are considered prime to every 
integer including themselves. 


If [a|=|)d] 

a@ and 6b are associates, and it follows therefore that if a be 
prime to b |a|=- || 

unless a and 0 be units. 


A system of integers such that no two of them have common 
divisors other than the units are said to be prime each to each. 


§5. Rational Prime Numbers. 

Any integer, p, that ts not a unit and that has no divisors other 
than p and —p, 1 and —1, that is, than its associates and the 
units, is called a prime number or, briefly, a prime. 

The units are not considered to be prime numbers, because many 
of the theorems relating to prime numbers will be found not to 
hold for them. 
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Every integer, m, with divisors other than m, —m, 1, —I is 
called a composite number. We can obtain the positive prime 
numbers less than any given positive integer, m, as follows: The 
only even one is 2.. We write down then the odd integers smaller 


than m, Sn sO, 1b kag. Te Oe Oke 

and remove from the series those which are composite. To do 
this strike out, counting from 3, the 3d, 6th, oth, --- integers; 
that is, 9, 15, 21, °°. Then counting from 5, strike out the 5th, 
1oth, --- integers; that is, 15, 25, ---, counting integers already 
struck out, and in general, if p be the smallest integer not struck 
out, excluding those whose multiples have been struck out, we 
strike out the pth, 2pth, 3pth, --- integers, counting from p; that 
is, all multiples of p except p. ‘The integers not struck out are 
the positive primes smaller than 71. 

This method is known as the Sieve of Eratosthenes. It is, 
however, not necessary to carry out the process for every prime, p, 
smaller than mm; for every composite number, m,, smaller than )’, 
will have been struck out as a multiple of a prime smaller than p, 
since if m, be less than p?, it contains as a factor a prime less than 
p.. The greatest value of p for which the process must be car- 
ried out is therefore the greatest prime not greater than \/m. 

The positive primes less than 100 are: 2, 3, 5, 7, II, 13, 17, 19, 
BRP 20,138) 37540, ASA7s 531 59) Ol Of Fis 735.79) Oey 9, S7- 

Ex. 1. Show that every rational prime, except 2, is either of the form 


4n—I1 or 4n-+ 1. 
Ex. 2. Show that every rational prime, except 2 and 3, is either of the 
form 6n—1 or 6n-+1. 


§6. The Rational Primes are Infinite in Number. 

The proof of this theorem as given by Euclid (Elements, Book 
IX, Prop. 20) is the following: Let us suppose that there are only a 
finite number of positive primes, p being the greatest. Multiply 
these primes together and add 1 to the product, forming the number 


It is evident that N is not divisible by any of the primes 2, 3, 5, 
--+, p. Hence N is either a prime itself, or contains as a factor 
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a prime greater than p. In either case there exists a prime greater 
than ~, which contradicts our original assumption. Hence the 
number of rational primes is infinite. 

This proof of Euclid’s tells us far more than merely that the 
rational primes are infinite in number, for if 2, 3, ---, p be the 
smallest positive primes it gives a limit, p+ 1 to 2-3---p+-1, 
within which a prime greater than p must lie. To bring out 
clearly what has been proved we may state the theorem as follows: 
If 2, 3, °°, p be the n smallest positive primes, then there is a 
prime greater than p among the numbers p+-1,°::,2°3-°**p+I 
and consequently the rational primes are infinite in number. For 
example, 2, 3, 5, 7, being all the positive rational primes not 
greater than 7, there is certainly one prime greater than 7 among 
the numbers 8, 9, ---,2°3°5:7-+ I. 

After it became known that the rational primes are infinite in 
number, the attention of investigators was turned to the question 
whether, if from the positive integers a series be selected which 
form an arithmetical progression, as for example 1, 5, 9, 13, °"’; 
or 3, 7, II, 15,°°:, there are in every such series an infinite number 
of primes. Proofs showing that this is true of the two series 
given will be found in this book. 

It is not difficult to prove also that there are an infinite number 
of primes of each of the forms 67 —1, 6n +1, and 8” + 5.1 

These are, however, only special cases of the general theorem 
that in every unlimited arithmetical progression, whose general 
term is and, the first term @ and the common difference, d, 
being prime to each other, there occur infinitely many prime num- 
bers. This theorem was first proved by Dirichlet (see D. D., 4th 
Ed., Sup. VI), but he did not give an interval within which a new 
prime must lie, as in the case of Euclid’s proof. This omission 
was supplied by Kronecker in 1885. (See above reference.) 

Among problems relating to prime numbers which still await 
solution is first of all that known as the problem of the frequency 
of the primes. It consists in the determination of the number of 


“Kronecker: Vorlesungen iiber Mathematik; Part II, Vol. I, p. 438 
Cahen: Théorie des Nombres, p. 318. 
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positive primes less than any given positive number m, that is, in 
the determination of the law which governs the distribution of 
the primes among the entire series of positive integers. 

Kronecker mentions two interesting theorems which are be- 
lieved to be true, although no proofs have yet been obtained. 

I. Every positive even integer can be represented as the sum 
of two positive prime numbers (2 excepted). This theorem was 
first stated by Goldbach, then by Waring. Kronecker remarks? 
that after testing this theorem for the even integers from 2 to 
2000, it is observed that the number of possible representations 
of 2m in this form increases as m increases, which heightens the 
probability of correctness; for example, we have 


42172; 0-3 3h. = 3 5s 03 7, 55s 
125-17; 14-34-11, 747; 163-413, 5-411; 
I8=5 + 13, 7-+11; etc. 

II. Every positive even integer can be represented in infinitely 
many ways as the difference of two positive primes. 

If the truth of this theorem be assumed and it be applied to the 
integer 2, we obtain the theorem: However far we may go in the 
series of positive primes, we shall always find primes which differ 
only by 2, that is, which lie as close as possible together. Natur- 
ally the frequency of such pairs of primes decreases the farther 
out we go in the series of positive integers. Among the first one 
hundred integers there are eight such pairs: 


3,555) 73 11, 135 17, 19; 29, 313; 41, 43; 59, OF; 71, 73; 
and among the second hundred seven: 


FOL, 103107, 100); 137, 136; 149, 1513 ¥79,-161.5101, 193 4.107, 100: 
If we go sufficiently far in the series of positive integers we can 
find as great a number of successive integers as we please, no 
one of which is a prime, for none of the integers n!+ 2, n!+ 3, 
---,n/-+mn is a prime, since n/+1, t<n, is divisible by 7; for 
example, 5!+ 2, 5!+ 3,5!+4,5!+ 5 areall composite numbers. 

§ 7. Unique Factorization Theorem. 

According to the definition, every composite number can be 

*Vorlesungen tiber Math., Part II, Vol. I, p. 68. 
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resolved into the product of two factors, neither of which is a 
unit. One or both of these factors may be composite, and hence 
in turn resolvable into two factors, neither of which is a unit, and 
we can continue this process until we reach factors which are 
primes. It is evident that when one or both of the factors are 
composite, the resolution is not unique; for example, 210 14-15 
= 10-21 == 0-85-— 2-105-—— 3-70. 5 AS == 7-30. WWE Shall suOW 
that, when the resolution is continued until the factors are primes, 
it will be unique, considering associated factors as the same (see 
§ 4), and that such a resolution is always possible; for example, 


PIO 14- 0h == 27 ae 
—102r 2 ee 


5°42 == 3 oe 

ee Mie ames 

that is, 210 can be represented in only one way as a product of 
prime numbers. 

To prove this theorem, upon which the whole theory of the 
rational integers depends, that is, that every rational integer can 
be represented in one and only one way as a product of prime 
numbers, we require the two following theorems: 


Se O5 ee ara e 
Oe 


Tueorem A. If a be any integer and b any integer different 
from o, there exists an integer m such that 


|a—mb| <|bd| 
Let Ho—y+r 
: and hence |r| <4; then m is 


: : | & | 
the required integer, for | aia es 


where m is the integer nearest to 


whence, multiplying by | 0 |, 
|a—mb| < |b}. 


This theorem is equivalent to saying that we can divide a by 0 
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so as to obtain a remainder less in absolute value than b, the quo- 
tient being m. There are, except when a is divisible by 0, evi- 
dently two integers which satisfy the requirements of the theorem, 
one selected as above and another differing from the first by 1; 
for example, if a—12 and b=—5, then 

ea 5) sland fee (5) 
and hence both —2 and —3 satisfy the requirements of the 
theorem, — 2 being the integer selected as in the proof. 

THEOREM B. Jf a and b be any two integers prime to each 
other, there exist two integers, x and y, such that 

ax + by=I. 

If either a or 6 be a unit, the existence of the integers +, y is 
evident. We shall now show that, if neither a nor b be a unit, 
the determination of + and y can be made to depend upon the 
determination of a corresponding pair of integers +,, y, for a 
pair of integers a,, b, prime to each other and such that one of 
them is less in absolute value than both a and Db. 

Assume |b|<|a], which evidently does not limit the generality 
of the proof. | 

By Th. A there exists an integer m such that 


|a— mb| <|d|. 
Then 6 and a—wmb are a pair of integers, a,, b,, prime to each 
other, and a— mb is less in absolute value than both a and b. 
If now two integers +,, y, exist such that 


a,4,+ 6,y,=1; 


that is, bx, + (a—mb)y,=—1, 
we have ay, + b(+,—my,) =I, 
and hence Ly a Y 


The determination of x,, y, for a,, b, may, if neither a, nor 0}, 
be a unit, be made to depend similarly upon that of +,, y, for a 
pair of integers a,, b, prime to each other and such that one of 
them is less in absolute value than both a, and b,. By a continua- 
tion of this process, we are able always to make the determination 
of x and y depend eventually upon that of +n, v, for a pair of 
integers Qn, bn, one of which is a unit. 
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Since the existence of +, and y, is evident, the existence of + 
and y is proved. 


tx et a 14, b=9; then a,=9, b,=5, and the determination of 


x and y, so that 144 +oy=1 2) 
depends upon the determination of %,, y,, so that 

O4,+ 5%, = 1. 3) 
We can make the determination of x,, y, depend upon the determination of 
+2, v2 for the pair of integers a,—=5, b,==—1, but it is sufficient here to 
notice that +,—=— 1, 9,=2 satisfy 3) and hence r=y,=2, y= 4,— my, 


= =U 1-2 —— 3) satisty. 2). 

The problem of finding the two integers + and y is most easily solved 
by the method of continued fractions, but the form of proof here used 
to show the existence of + and y has been adopted as being more easily 
applicable to realms of higher degree. 

The proof given satisfies completely, however, the requirement which 
Kronecker considered should be imposed upon every existence proof in 
the Theory of Numbers (see below); that is, it furnishes a method by 
which in a finite number of steps the desired integers x, y can be found 
from the given ones a, b. 

Hensel says in his preface to Kronecker’s “Lectures on the Theory of 
Numbers,” “ Kronecker consciously imposed upon the definitions and proofs 
of the general arithmetic a demand whose rigorous observance essentially 
distinguishes his exposition of the theory of numbers and algebra from 
almost all others. 

_“ He considered that one can and must so formulate each definition in 
this domain that by a finite number of trials it can be determined whether 
or not it is applicable to any proposed quantity. 

“Likewise a proof of the existence of a quantity is to be looked upon 
as rigorous only when it contains at the same time a method, by which 
the quantity, whose existence is proved, can be actually found. Kronecker 
was very far from throwing entirely aside a definition or proof which did 
not satisfy these high requirements, but he considered that something 
was still wanting and he held its completion in this direction to be an 
important task, by which our knowledge would be extended in an es- 
sential point. 

“He considered, moreover, that a formulation rigorous in this sense 
was in general of simpler form than another which did not satisfy this 
demand and he has in many cases shown by his lectures that this is 
the case.” 


Cor. Jf a and b be any two rational integers, there exists a 
common divisor d of a and b such that every common divisor 
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of a and b divides d, and we can find two integers x and y such 
that av + by=—d. 
Leet G0 0 eG 
where a, and 0, are prime to each other. 
By Theorem B two integers + and y exist such that 
at - UW 7. 1) 

Multiplying 1) by c, we have 

ek ey C 
that is ae = UV —— c. ; 

Every common divisor of a and b evidently divides c. Hence 
c is the divisor, d, sought. 

We call d the greatest common divisor of a and b. 

It is evident that two such divisors which are not associates 
cannot exist; for if d,, d, be two such divisors, then since from 
the definition d, must divide d, and d, must divide d,, d, and d, 
are associates. 

Any number of integers, a,, a,, °**, Gn, possess a common di- 
visor which is divisible by all common divisors of these integers; 
for let d, be the greatest common divisor of a,, a, as defined 
above. Then two integers, +, and x,, exist such that 

a,7, fe A.V. — ne 
Let now d, be the greatest common divisor of d, and a,. It is 
evident that d, is a common divisor of a,, a, a,, and that two 
integers, ¥,, Vo, exist such that 
2,4, + 432 = do, 
or AVM, + AX 2V 4- Ago = A, 
that is, three integers, 2,, 23, 3, exist such that 
12, + 4,2, + A,53 = dy, 

from which identity it is evident that every common divisor of 
@,, @, a,, divides d.. 

Proceeding similarly with d, and a,, then with their greatest 
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common divisor d, and a,, etc., we see finally that there exist 
integers 1,, ts, °°*, u, such that 


QU, + agit, + +++ + anttn =d, 


where d is a common divisor of a,, a, °**, Qn. 

From this identity it is evident that every common divisor of 
Q,, Mz, ... @, divides d. We call d therefore the greatest common 
GivisOmor (hen anteceLs a. .1 0.0 11d. 

The common divisors of a system of integers are evidently the 
divisors of the greatest common divisor of the system. 

To find the greatest common divisor of 1 integers @,, @,, °°", Qn, 
we find the greatest common divisor d, of a, and a,; then the 
greatest common divisor of d, and a,, which will evidently be the 
greatest common divisor of @,, a2, a3. 

Proceeding in this manner we arrive finally at an integer d 
which is the greatest common divisor of all of the integers. In 
Particular, if a), a5, °°"; dn have the oreatest common divisor 1, 
we have 

A, + Agtle + ee + Antln =I. 


This corollary is usually known as the greatest common divisor 
theorem and can be proved independently of Theorem B which 
follows easily from it. 


The independent proof of the corollary depends upon Theorem A and 
the following simple theorem whose truth is obvious. 

If a=mb-+r, then every integer which divides both a and b divides 
both b and r, and vice versa; that is, the common divisors of a and b 
are identical with the common divisors of b and r. 

By virtue of these two theorems we are able to substitute for the 
problem of finding the integer which is divisible by all common divisors 
of a and b (|0|s]a|) the corresponding problem for the two integers 
b and r, where a=mb-+r, and |r| <| 6]. 

From Theorem A, it is evident that we can form a chain of identities, 


a=mb +r, 
boar +n, 
PS Mery + 1s, 


*Euclid: Elements, Book VII, Prop. 2. 
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in which |r| >|r,| >|7|, ete. arriving after a finite number of such 
steps, since the integers less in absolute value than a given integer are 
finite in number, at a remainder 7n+, which is 0, and hence 


n-1 = MnyHln 


Now from the theorem above it is evident that the common divisors of 
a and Db are identical with the common divisors of b and r, and hence with 
those of r and n, and finally with those of r,_, and r,. 

But rn is a common divisor of rn-, and rn and evidently is divisible by 
every common divisor of rn-, and rn. Hence rn is the desired common 
divisor of aand b; that is, it is divisible by all the common divisors of a and 
b. Moreover, we can by means of the method of continued fractions ex- 
press d,=Yrn, in the form 

ax + by = d? 

The greatest common divisor of two or more integers is seen 
to be the common divisor of greatest absolute value, there being 
only one such common divisor since, if |@|==J|b|, then a and b 
are associates. It is also, as we have seen from the proof of the 
above corollary, the common divisor such that the quotients ob- 
tained by dividing each of the integers by this divisor have no 
common divisor other than + I. 

The reason why neither of these properties has been chosen 
for the definition of the greatest common divisor of two or more 
integers will appear later (see p. 252). 

An objection to the former of the two, which is the one usually 
employed is, however, immediately evident in that the idea of 
inequality is introduced, whereas the question is purely one of 
divisibility. 

THEOREM C. If the product of two integers, a and b, be diwvis- 
ible by a prime number, p, at least one of the integers is divisible 
by p. 

Let ab==cp, and assume a not divisible by ». Then a and p 
have no common divisor, and there exist two integers, + and y, 


such that ax + py=I. 1) 


1Cahen: p. 60. Bachman: Niedere Zahlentheorie, p. 107. Chrystal: 
Vol. II, p. 445. 
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Multiplying 1) by b, we have 


bax + bpy=b, 
and therefore (cx + by) p=b, 


where cx + by is an integer. Hence 0 is divisible by p. 

Cor. 1. If the product of any number of integers be divisible 
by a prime number, p, at least one of the integers is divisible by p. 

Cor. 2. Jf neither of two integers be divisible by a prime num- 
ber, p, thewr product 1s not divisible by p. 

Cor. 3. If the product of two integers, a and b, be divisible 
by an integer c and neither a nor b be divisible by c, then c is a 
composite number. 


THEOREM I. Every rational integer can be represented in one 
and only one way as the product of prime numbers. 

Let m be a rational integer. If m be a prime, the theorem is 
evident. Let m be a composite number ; m then has some divisor, 
a, other than +m or +1. Either a is a prime or it has some 
divisor, b, other than +aor +1. If 0 be not prime, it has some 
divisor, c, other than +1 and +b. Proceeding in this manner, 
we must at last arrive at a prime number, for the integers of the 
series a, b, c, -::, decrease in absolute value, and since there are 
only a finite number of integers smaller in absolute value than 
_m, the series can have only a finite number of terms, the last of 
which will be a prime number; for otherwise the series could be 
extended. Let this prime be f,. By §3, I, p, is a factor of m 
and we have m=—p,m,. If m, be a prime, the resolution of m 
into its prime factors is complete. If m, be a composite number, 
it contains a prime factor, p,, and we have 


mM, = pM, 


If m, be not a prime, we can proceed as before until we have 
resolved m into factors, all of which are primes. That there will 
be only a finite number of these factors is evident from the fact 
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that the integers of the series, m, m1,, 7.,,°::, decrease in absolute 
value and hence must be finite in number. 

We have now shown that the representation of an integer as a 
product of a finite number of primes is always possible. It re- 
mains to be proved that this representation is unique, regarding 
representations as identical, which differ only by the substitution 
for a prime of its associate. 


Let M = PiPobs*** Pr = 4919293 °°" 8 
be two representations of m as a product of prime numbers. 
Since the product ¢,q@.°°:q@s is divisible by p,, at least one of 
its factors, say q,, must be divisible by »,. But g, has only the 
Givicors. == @. and = 1  bleuce g7-— 4-7. = that 1s; -g..-1s asso: 
ciated with p,. Then follows 


Pobs *** Pr = = 9293 °** Qs. 

In the same manner we can show that some factor of the product 
9293°°° Qs iS associc ted with p,, and proceeding similarly we can 
show that for each prime that occurs once or oftener as a factor 
of the product, ~,~.f,°-: Pr, there occurs at least as often an asso- 
ciated prime in the product q,9q.9¢,°°:qs. In like manner, we can 
show that for each prime which occurs once or oftener as a factor 
of the product q,9.93:°'qs, there occurs at least as often an asso- 
ciated prime in the product p,p.$,°*: pr. Hence the two repre- 
sentations are identical. We can simplify the representation of a 
composite number as the product of its prime factors by express- 
ing the product of associated prime factors as a power of one of 
them. Thus, if of the prime factors of m, e, are associated with 
Pi, € With p,,°-*,e- with p-, we can write 


mo + Pip." eee ade 


Cor. 1. If aand b be prime to each other and c be divisible by 
both a and b, then c is divisible by their product. 

Cor. 2. If aand b be each prime to c, then ab 1s prime to c. 

Cor. 3. If abe prime to c and ab be divisible by c, b is divis- 
ible by c. 
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THEOREM 2. If 
fi(v) = aye" + We lisa es OE 
fo(4) = Dox + b,x" +++ + Dn, 
be any two integral functions of x, whose coefficients are rational 
integers, having in each case no common divisor, then the coe ffi- 
cients of the product of these functions 
f(*) =f, (x) : f.(+) oe Conn AG Cr + ae + Cman 


are rational integers without a common divisor. 

If the coefficients Cy, C,,°°*, Cmyn Of f(4%) have a common divisor 
other than £1, there must be at least one prime number which 
divides all of them. 


OARAA on 
Let p be such-@ prime and suppose that p divides 
&y, @4,°**) Gr4, but not a,, 
and Bibs pags DUE ORs, 


where in accordance with our original assumption that the coeff- 
cients of f,(4%) and f,(#) have no common divisors, 


Oo<rem and O<Sen. 
We have now 
Crye—= Orbs + ay_,Deyy + rg gta ae ate Ary yDs_1 + Ary20s_2 °° 


It is evident that c,,s is not divisible by /, for a,b, is not divisible 
by p, neither a, nor bs being divisible by , while all the remain- 
ing terms are divisible by /, since each of these terms contains as 
a factor coniecone of the cOcMmcients 0),0y.- rn 0 0G ae 
which are all divisible by P. 

Hence the coefficients of f(4#) have no common divisor. 


THEOREM 3. If 
PA) ee Or ne - e a 
ee — yn + ae aaa -t- oes -b Ds 


be two rational integral functions of «, the coefficients of the 
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highest powers of « m each case being 1, and the remaining coe ffi- 
cients rational numbers, the coefficients, C,,Cy,°**,Cmyn Of their 
product 


f(#) =fi(#) fa) = 2 cyeMt Eh Coan 
cannot all be rational integers unless all of the coefficients a 
Am; 0,,b.,-++, On are rational integers. 


1) a, as 


Let a, and b, be the least common denominators of the coeffi- 
cients of f,(#) and f,(%) respectively. Then each of the func- 
tions a,f,(#) and b,f,(*) has rational integral coefficients without 
a common divisor. If now the coefficients c¢,,C,,°:*,Cmin are to 
be integers, the coefficients of the product, 


Aybof, (©) + fo(¥) =a,bof (+), 
must all be divisible by a,b,. 
But by Th. 2 this is impossible unless a, 1, b,==1; that is, 
@y,@,,°°*, Am, Dg, by, --+, bn are integers. 
THEOREM 4. A necessary as well as sufficient condition that an 
algebraic number a shall be an algebraic integer 1s that the coe ffi- 
cients of the single rational equation of lowest degree of the form 


ey 


which it satisfies, shall be rational integers. 
If a satisfy an equation 


f.(¥) =4" + b,4™* +--+ + bm =0, 


of degree higher than the /th whose coefficients are rational num- 
bers, then by Chap. I, Th. 1, 


fil) =fi(4)-fa(2), 
where f3(%) is a rational integral function of x with rational 
coefficients, the coefficient of its term of highest degree being 1. 
But by Th. 3 the coefficients of f,(%) cannot all be rational in- 


tegers unless the coefficients of f,(#) are all rational integers. 
Hence the theorem. 


*Gauss: Disq. Arith., Art. 42, Works, Vol. I. 
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We see therefore that the system of rational integers and that 
of the integers of Fk are coextensive, and hence that all that has 
been said in the preceding pages concerning rational integers may 
now be looked upon as applying to the integers of R. Hereafter 
the terms rational integers and integers of R will be used inter- 
changeably. 

It is seen from the above theorem that the equation of lowest 
degree of the form 1) satisfied by an algebraic number, determines 
not only the degree of the number, but whether it is or is not an 
algebraic integer. 


After having proved the unique factorization theorem we could have 
shown that no rational fraction a/b, where a and b are prime to each 
other and b= +1, can satisfy an equation of the form 1) whose coef- 
ficients are rational integers and hence that the only integers of R are 
the rational integers, but it has seemed better to treat the question in 
the general manner we have used above. 


$8. Divisors of an Integer. 

We can now exhibit in a very convenient form all divisors of 
any given integer, m, and deduce therefrom simple expressions 
for the number and the sum of these divisors. Let m be written 
in the form 

m+ p,%pn%-°> pr, 


where /,, P.,°**, Pr are the different prime factors of m. 

If d be a divisor of m, it can contain as factors only those 
primes which occur in m, but each of these primes can occur in d 
to any power not greater than that to which it occurs in m; that 
is, every divisor of m must have the form 

— + p,™p.™" che pet, 
where O< mis ei; 1=1,2,°°°,7%, 
and each of the integers obtained by giving these different values 
to M,,M., °**, Mr is a divisor of m. We can now easily obtain an 
expression for the number, N, of the different divisors of m, 
associated divisors being considered as identical. Since there are 
é.t+1, e@+I, -:, éert!l possible values for m,, m,, +++, Mr 


respectively, there are (€, +1) (@2+ 1)---(e,+1) different sets 
of values of #1,, 1, -::, Mr and each of these sets gives a dif- 


24 THE RATIONAL REALM 


INTEGERS. 


ferent divisor of m. Moreover, these sets of values of m,,m,,---, 
my give all the different divisors of m, whence we have 


N= (e,+1)(¢2+1)---(@e+1). 


We can find similarly an expression for the sum, S, of the dif- 
ferent positive divisors of m. 
On expanding the product 


Oe ah ic ee le ea) ee Ds a 2 eg et a SV 
(Lb Pet be? bo prt), 
we obtain a series, all of whose terms are positive divisors of m, 
each positive divisor of #1 occurring once and but once. The sum 
of this series is therefore S. 
Hence 


Se ee aes ven ee ae 
(1+ be BE bo pee) 


AM phar petty 
2D oe i I (oe I : 
xe Pet jit 0) 
We have N= (2+73)14+-1) +1) =12 
PS Se te maa 
and ee a Laney oma 7-4-6 =.168, 
2—I 3-—I 5—I1 


results which are easily substantiated bv observing that the positive 
divisors of G0 are 1, 2, 3, 4, 5, 6, 10, 12, 15. 20, 30 and: 60. 

We observe that N depends only upon the exponents of the 
powers to which the different prime factors appear in m, while S 
depends also upon the absolute values of these primes. 

We have defined (§ 3) a common divisor and a common mul- 
tiple of two or more integers. The representation of an integer 
as a product of its different prime factors leads us to convenient 
expressions for the common divisors and common multiples of 
a system of integers. 

Let m,, 71,,°--, 1, be any system of integers and suppose each 
integer of this system expressed as a product of powers of its 
different prime factors. Let /,, f.,°-*, pr be the different prime 
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factors of 11,, 11y,°°*, 23 1, l.,°°7,1,, the exponents of the lowest 
powers, and g,, £.,°"*, gr, the exponents of the highest powers to 
which ,, Po,***, Pr occur in any of these integers. Remembering 
now that every common divisor of 77,, M2,°°*, Mx, Can contain as a 
factor a prime, pi, to a power not higher than the lowest to which 
pi occurs in any of the integers 11,, 1/12, °**, Mx, we see that every 
common divisor of 771,, 712,°°*, #x, has the form 


piMpo® Seste eee 
where O20; 2))> 1—-4,2, 


When d,,d,,°°,d, have their greatest possible values, that is, 
L,l,,°**,lr, the divisor so obtained, is evidently the greatest com- 
mon divisor of 11,,1.,°°*, 1. Denoting the greatest common 
divisor of 171,, 1., °°*, Wx, by g, we have therefore 


se pp." eee eae 
Likewise since every common multiple of 11,, 112,°°*, x, must 
contain as a factor a prime, fi, at least to the highest power to 
which p; occurs in any one of the integers 1,, 1it,,°°*, 1itk, We see 
that every common multiple of 11,, Mly,°**, 2x has the form 


ap," po"? ee eee 
where iS Li, 11, 2,777, 
and a is any integer. 

When 1,,7.,°°°,2r have their least possible values, that is, 
es oe and @ is. unit, the multiple obtained is the least 
common multiple of 71,, #2,°°*, Mk. Denoting the least common 
multiple of 171,, 22, °°*, 7x by 1, we have therefore 


LP Ps er 
We observe that just as the common divisors of a system of in- 
tegers are the divisors of the greatest common divisor of the sys- 
tem, so every common multiple of all the integers of the system 
is a multiple of their least common multiple. When two or more 
of the integers 1,, 112, °°, x are prime to each other, the greatest 
common divisor of the system is evidently a unit, and when the 
integers 11,, Nt.,°°*, Mx are prime each to each their least common 
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multiple is their product, m,m,---m,. If an integer be divisible 
by each one of a system of integers 1,, 1,,---, mx, it is divisible 
by their least common multiple. 

If we have two integers 


a= pp,” ay br™, b= Pp Stars br**, 
and &= pip"? ++: pri, l= pp. ++ pwr 


be respectively their greatest common divisor and least common 
multiple, it.is evident that 


ly + g,=4, + 0,, 1, + 2, =a, 0s, + gr-=a, + b,, 
and hence that g/—ab ; that is, the product of two integers is equal 
to the product of their greatest common divisor and least common 
multiple; for example 

12 20-0 00, 
The representation of an integer m as a product of powers of 
its different prime factors gives us also a criterion for determin- 
ing whether m is or is not the kth power of an integer. 


et md GEG 1 heey Pd 


By putting =n", we see immediately that the necessary and 
sufficient condition that m shall be the kth power of an integer is, 
if k be odd, that e,, e,,-::,e, shall be divisible by k, while if k be 
even there is the further condition that i shall be positive. 


of 


Sg. Determination of the Highest Power of a Prime, /, by 
which 12 / is divisible. 

The method employed consists in counting, successively, those 
integers of this product which are divisible by /, p?, p*, etc., 
respectively. Remembering that those integers which are divis- 
ible by p' have already been counted i—1I times, as among those 
divisible by p, p?, ---, p'?, the sum of these enumerations is seen 
to be the exponent of the desired power of p. Denote ‘this expo- 
nent by e. Since e will have the same value for —/f as for p, we 
can without loss of generality assume / positive. 

Let [a/b] denote the greatest integer contained in the fraction 
a/b, where a anc b are both positive; in particular [a/b] is o 
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when ais less than b. Put [m/p] =m,, [m/p?] =m,, ---, [m/p*] 
—=mj4,'::. There are in the product 
m! == 1-2-3 -+- m, 
the m, integers, b, 2p, 3p, -**, MP, 1) 
divisible by p, and m/! is therefore certainly divisible by p™; 
that is, e  m,. 
In like manner there are in m! the m, integers 
jae 2p, see Mp” 2) 
divisible by ~?. We have counted these integers once already 
among the integers 1), but since they each contain p twice as a 
factor, and there are m, of them, we must add m, to the exponent 
of the power of ~ which is known to divide m!. Hence m! is 
certainly divisible by p™*™; that is, 
ef{m, + Mz. 
Likewise there m, integers of m/! divisible by p°, each of which 
has been counted twice already. Hence 


etm,+m,+ mg. 


Continuing this process we arrive finally at a fraction m/p*, which 
is less than 1, and hence 


W 
m,= pi ——@), 


The highest power of p by which m/ is divisible is therefore 
pmitmertmea, whose exponent e is [m/p] + [m/p?]+--- 
+ [m/p**]. 

itp. m, then m,—— 0; and: hence e¢——o. 


ix Let tit = 100; and. p= 3° then 


m= [MP] = 3, : 
m= [RE] = 1, @= AG 
ms = [4199] = 0, | 
and. e=33+114+3+1=48. “¢ Cp oc 
7 ; Le : oe t o>. 
It is easily shown that 


saa, 
- > | & 
ae 
eS 
eS 
aos 


a [ am. “7 ae | — 
eel 4 i ri any V ao “Ge 
Mest ‘ t : oe 
| Dp at .. | ant / nica » “ pon > j 
vers © iW wc, 
few ¢ ~~ 3 
: { t Ary > * 4 : 
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mis 
and hence Met 


Using this fact in the example just given we have m= [19°] = 33, me 
= FS] =11, m= PP] =3, m= (§}=1, m= bp 0; 


S10. The Quotient aoe where m=a+b)+.---+k,is 
albl---k! 


an Integer. 

This quotient will be recognized as the so-called multinomial 
coefficient ; that is, the coefficient of #,%7,” --- +, in the expansion 
OF (4%, 4,4: 4,)". When r—=2, and m—a-+b, we have 
the binomial coefficient ; that is, the coefficient of 47 im the 
expansion of (+7, -+4,)". 

This theorem is easily proved by means of that of the last sec- 

me! 
ald! k! ") 
is an integer it is necessary and sufficient to show that every 


tion. To show that 


prime, p, is contained to as high a power in the numerator as in 
the denominator. Let e,a,,b,,-:-,k,, be the exponents of the 
highest powers to which / is contained in m/,a!, b!,-«-, Rk, respect- 
ively. We must show that 


et pee aay sree ye 


Since m=a+bh+-:-+k, 
; Hi a oD kR 
it follows that ee es 2 ee 
ye | P 


| 


Lee 
Bie ee b Va 
and hence ara ee : 
ie eo ltls|+ + | 


Similarly ds : = F - ++ = | oh a | . | 


ni! 
alb!.--k! 
number of permutations of m things a, b, ---, k of which are alike. 


"The truth of this theorem is at once evident since is the 
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Hence, by addition, 


}(e-L31- 


ae ta 4/3 ]4 
ee es Ba oie 
ie ae +|5]+ 
PP le ee Le 
k k 
+L l+lal+tlel+ 
Put rs te 5+ ee 
be Le ya 
P| a pega 
Gee hele tlle , 
pee eae +[i)t- 
Bene eee ee ce 
‘Lb ltle]e +e | 
2 Ne ers f 
Hence esa,+b6,+-:-+h,. 


Therefore p is contained to at least as high a power in the 
numerator of 1) as in the denominator. But p was any prime; 
therefore 1) is an integer. 

From this it follows that the product of any m successive posi- 
tive integers is divisible by m! 

For 
(a+1) (a+2)::-(a--m) _ a!(a+1)(a+2):::(a+m) _ (a+m)! 


mi! alm! alm! 


which is an integer. From this and the fact that’o is included 
among m successive integers which are not all positive or all neg- 
ative, it follows that the product of any mm successive integers is 


— divisible by a! 
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EXAMPLES.! ' 


1. The sum of two odd squares can not be a square. 

2. Every integer of the form 4n—1 has an odd number of 
factors of the form 4n—1I. 

3. Every prime greater than 5 has the form 30m-+n where 
m—I, 7, II, 13, 17, 19, 23 or 29. | 

4. The square of every prime greater than 3 is of the form 
24m -+ I, and the square of every integer which is not divisible by 
2 or 3 is of the same form. 

5. lf n differ from the two successive squares between which it 
lies by x and y respectively, prove that n — ry is a square. 

6. The cube of every rational integer is the difference of the 
squares of two rational integers. 

7. Any uneven cube, 7’, is the sum of consecutive uneven 
integers, of which n? is the middle one. 

8. Show that +? — sr is divisible by 6 if x be any integer. 

9. Show that +*— 4x7° + 57?— 2x is divisible by 12 if x be 
any integer. | 

10. Show that +*" + +2” + 1 never represents a prime number 
if «+ be any integer other than I. 

11. Show that (mn)! is divisible by (m/)™n! 

12. Show that (2m) !(21) ! is divisible by m!n! (m+n)! 

13. What is the least multiplier that will convert 945 into a 
complete square? 

14. Find the number of the divisors of 2160 and their sum. 

15. Find a number of the form 2"-3-a@ (a being prime) which 
shall be equal to half the sum of its divisors (itself excluded). 


1 See Chrystal; Algebra, Part II, pp. 506, 518 and 526 for other examples, 
also C. Smith, Algebra, and Hall and Knight, Higher Algebra. 
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| CONGRUENCES, 

§1. Definition. Elementary Theorems. 

If the difference of two integers, a and b, be divisible by an 
integer m, a and b are said to be congruent to each other with 
respect to the modulus m. This relation is expressed by writing 


a=b, modm.! 


Similarly, if the difference of a and b be not divisible by m, we 
say that a and Db are incongruent to each other, with respect to 
the modulus m, and write 


a== b, mod m. 

Ex. We say that 21 is congruent to 15 with respect to the modulus 3, 
since 21 —1I5 is divisible by 3. In the above notation this fact is ex- 
pressed by writing 21 —— 15 med. 

We can express the fact that a is congruent to b by writing 

a—b=km, or a=b-+km, 


where k is an integer, but the notation a==b, mod m, which is due 
to Gauss, has the great advantage of placing in evidence the 
analogy between congruences and equations; and we shall see 
that most of the transformations to which equations can be sub- 
jected are also applicable to congruences. 

H. J. S. Smith says: “It will be seen that the definition of a 
congruence involves only one of the most elementary arithmetical 
conceptions,—that of the divisibility of one number by another. 
But it expresses that conception in a form so suggestive of anal- 
ogies with other parts of analysis, so easily available in calcula- 
tion and so fertile in new results that its introduction into arith- 


‘The author has adopted a slight variation of Gauss’s notation, 
a==b (mod m), due, he believes, to H. J. S. Smith. 


> 
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metic (by Gauss) has proved a most important contribution to 
the progress of the science.” 

We have as direct consequences of the definition of congruences 
the following: 


ae a==b, modm, ar) 
and b==c, modm, 2) 
then a==c, modm; 


for, from 1) and 2), we have respectively 
a—b=km, 
b—c=k,m, 
where & and k, are integers, and bv addition 
a—c=(k+k,)m; 
that is, a==c, mod m. 

It is now evident that we can divide all integers into classes 
with respect to a given modulus, if we put into the same class 
those and only those integers which are congruent to each other 
with respect to this modulus. We ask: How many such classes 


will there be for any given modulus m7? 
Any integer, a, can be written in the form 


a==km+r, 


where F is an integer and r is one of the integers 
| 
O, I, 2, 3, °*",|m|— I. 


But a is congruent to 7, mod m, and if we give k all integral 
values from — © to + 0, the resulting values of a will be a 
series of integers, all of which are congruent to r, and hence by 1 
to each other with respect to the modulus m. By putting for 7 
the | | different values 0, 1,2, 3,°--, | |—1, we shall get | mm | 
classes and every integer is seen to fall into one or the other of 
these classes. An integer can not be in two different classes, for 
then we should have 


oki + r= hyn +7, 
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where roeN, 
which gives (k—k,)m=r,—r. 


Since the first member of this equation is divisible by m, the 
second member must be divisible by m also, but since r and r, are 
both positive and less than | m|, we have |r—r,|<|m], and 
hence r—v7, is not divisible by m, unless r—r,—o; that is, 
fo 7 Ald nence 

There are therefore exactly |m| incongruent number classes 
with respect to the modulus 7, each integer being in one and but 
one of the classes. 

The absolute value of an integer, 7, may now be defined as the 
number of incongruent number classes with respect to the mod- 
ulus mt. 

This definition brings out clearly a reason for the introduction 
of the absolute value of an integer; that is, to express the result 
of an enumeration as a function of an integer. 

In all theorems relating to congruences we shall think of the 
entire system of rational numbers as divided into such classes, 
with respect to some given modulus; and whatever is true of any 
individual integer with respect to this modulus will be true of 
the entire class to which it belongs. We shall thus deal rather 
with the classes than with the individuals in them and it will only 
be necessary to have a representative of each class. 

Such a system of | m| representative integers, each integer 
being chosen arbitrarily from the class to which it belongs, is 
called a complete system of incongruent numbers, or a complete 
residue system, with respect to the modulus m. 

The latter designation is derived from an extension of the ordi- 
nary idea of the remainder, which holds when the system chosen 
is 0,1,2,-°:,|m!—1, by calling either one of any two integers, 
which are congruent to each other with respect to the modulus 
ml, a remainder or residue of the other with respect to m. 

Any | m | consecutive integers evidently form a complete resi- 
due system with respect to the modulus 71. 

The most useful systems are, first, that composed of the small- 


3 
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est possible positive residues 
O,1,2,°*:,|m|—1, 


and second, that composed of the residues of smallest possible 


absolute value, the latter being, when m is odd and |m|=2n-+ 1, 
—n,— (n—T),°**, —1,0,1,°°°,;u4—I,n5 
and, when m is even and | m |==2n 


— (n—1),°**,—1,0,1,°°*,u—I,N, 
the two residues m and — n being congruent to each other, mod m. 


Ex. If m=11I, each of the systems 


O, I, 2, 3, 4, 5, 6, 7, 8, 9, 10; 
Oy ae ee ey 5, 5; 
50, —15, —25, 20, 32, 22, —10, 13, —19, 4, 16 


is a complete residue system, mod II. 


ii. Addition and subtraction of congruences. 


hi a, =b,, mod m, 3) 
and a, ==b,, mod m, 4) 
then a, +a,==b,+b,, modm; 


for we have from 3) and 4), respectively, 


a, Rare b, aaa km, 
a, —b,—=k,.m, 


whence (a0) ee oy ens 
that is, (a, a,) =b,+0,, mod m. 


ii. Multiplication by an integer. 


If a==b, modm, 5) 
then ac==bc, modm; 
for from 5) we have a—b =km : 
whence ac—bc=—=kcm; 
that is, ac==bc, mod m. 


iv. Multiplication of congruences. 


if a, =b,, modm, 6) 
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and a, =b,, modm 7) 
then a,a,==b,b,, modm; 
for from 6) we have by iii 
@,a,==b,a,, modm; 
and similarly, from 7) b,a,==b,b,, modm, 
whence by 1 @,a, ==b,b,, mod m. 
From this it follows, evidently, that if 
a==b, modm, 
then ak == bk, modm, 


where & is any positive integer. 
v. If f(x) be a polynomial in x with integral coefficients ; 


that 1s, f (4) =a, x" + art +--+ + Gy, 

and if r=r,, modm, 

then f(r) =f("%), modm, 8) 
for from r=r,, ad m 


it follows by iv and ii that 
ar = aro, mod mM, eons Oho ee 


and by addition we obtain 8). 
It may be shown similarly that if f(4,,%2, --*4n) be a poly- 
nomial in +,,%.,°°',4n with rational integral coefficients, and if 


a,=b, 
a,=b, |, modm, 
On = Dr 
then f(y, Qo, °++, An) =f (Dj, bs, +++, On), mod m. 
exe cet f(#) =2x°—2°+5; 
since —3 s=II, mod7, 
we have f(— 3) ==f (11), mod7; 


that As, ; — 58 == 2546, mod 7. 
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vi. Removal of a common factor. 

We have seen in III that we can multiply both members of a 
congruence by any integer, without affecting the validity of the 
congruence ; the converse of this, however, is not in general true. 


Thus we have 8 = 14, mod6, 
but 4==7, mod6. 
To consider this question in general, let 
a==b, mod mi, 
be a congruence in which a and b are both divisible by Fk; that is, 
a=a,k and b=bD,k. 
where a, and b, are integers. 
Then from a,k =b,k, mod m, 
it does not necessarily follow that 
a, =b,, modm; 


for that a, —b, shall be divisible by m is not a necessary conse- 
quence of k(a, — b,) being divisible by 2, unless k be prime to m, 
and all we can say in general is that a, — ), is divisible by those 
factors of m which are not contained in k; that is, by m/d, where 
d is the greatest common divisor of k and m. 


Hence from a,k==b,k, modm, 


it follows in general only that 


a, = 6,, mod a 9) 


where d is the greatest common divisor of k and m. 
If k be prime to m, d is 1, and hence from Q) we have 


a, == b,, mod m. 


Bx. From 8 == 14, mod6, 
it follows that {7 dd =. 
but from c= s5. Mod 0; 


it follows that i= 9 mod 6 
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vii. If a==b, modm, 
and d be a divisor of m, then 
a==b, modd; 


for since a — b is divisible by m it is divisible by d. 
vill. If a==b with respect to each of the moduli m,, m,, --- 


Mn, then a==b, mod], 


where lis the least common multiple of m,,m,, +, Mn+ for since 
a— b is divisible by each of the integers mm,, m1,, --+, 11n, it is divis- 
ible by their least common multiple. An important special case 
of this is when 11,, 1,, °**, ny are prime each to each, / being then 
their product. 

ix. All integers belonging to the same residue class have with 
the modulus the same greatest common divisor; for if 


a=b, modm, 
then a—b=—km, 


and any integer that divides a and 7 must also divide b, and any 
integer that divides b and m must also divide a. Therefore the 
greatest common divisor of a and mz ts identical with the greatest 
common divisor of b and m. In particular if any integer of a 
residue class be prime to the modulus im, then all the integers of 
this class are prime to mt. 


§2. The Function ¢(#). 

By (mm) we denote the number of integers of a complete 
residue system, mod m, which are prime to m. Such a system 
of integers is called a reduced residue system, or a reduced system 
of incongruent numbers, mod m. That the number of integers 
in such a system is independent of the complete residue system 
chosen is obvious from $1, ix. We can therefore calculate ¢() 
for a particular value of m by writing down any complete residue 
system, mod m, and removing those integers of this system that 
are not prime to m. The number of those remaining is evidently 
p(t). 


The symbol is due to Gauss: Disq. Arith., § 38, Works, Vol. I. Euler 
first gave a general expression for ¢(m): Comm. Arith., I, p. 274. 
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Thus for m==— io, take as a complete residue system 
— 10, — 19, 2, —7, — 16, 5, 16, 17, 18, — I. 


Striking out the integers — 10,2,—16,5,16,18, that are not 
prime to — 10, we have left the four integers — 19, — 7,17, — 1, 
that constitute a reduced residue system, mod — Io. 

Hence ¢(— 10) = 4. 

As a second example, let m= 7. 

A complete residue system, mod 7, is 


OG; 1e-6 4, 57 OG, 
and we see that ¢(7) =6. 

The last example leads us at once to a general expression for 
¢(p~), when p is a prime; for the integers 0, 1,---, | |—1 con- 
stitute a complete residue system, mod #, and are, with the excep- 
tion of o, all prime to p, whence it is evident that 


$(p) =|P|—1. 

It should be observed that, since the units are regarded as 
prime to themselves, 

Pca2 1) — 1. 

The first method, which we shall employ to obtain a general 
expression for ¢(m) in terms of m, is exactly similar to that em- 
ployed in the examples just given ; that is, we write down a com- 
plete residue system, mod m, remove those integers of this system 
which have a common divisor. with m, and count those remaining, 
their number being ¢(m). 

The general expression for ¢(m), where m is any integer, is 
given by the following theorem: 


THEOREM I. [f p,, bo, °**, pr be the different positive prime fac- 
tors of m, and $(m) denote the number of integers of a complete 
residue system, mod m, that are prime to m, then 


go ae Ly Ce oy age 
(mm) =| m| (r—F) (2) GS). 


Since, evidently, 


$(—m) =¢(m), 


we can without loss of generality assume m positive. 
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Let 


i Pip." cnate oo 


where /j, fo, °**, Pr are the different positive prime factors of m. 
Take as a complete residue system, mod m, 


I, 2,3,4, °°", ™ S) 


Our task is to remove from the system S those integers which 
are divisible by one or more of the primes /,, fs, °**, pr, and to 
count the integers left. We shall first remove those divisible by 
 p,, namely the m/p, integers 

m 
Pr 
Removing these from S there remains a system, S,, consisting 
of m—m/p,, —=m(I—1/p,), integers, none of which is divis- 
able by ?;. 

From this system S, we must now remove those integers that 
are divisible by p, ; that is, those integers of S which are not divis- 
ible by p, but are divisible by p,. The integers of S which are 
divisible by p, are the m/p, integers 


PaePiaory pi. 


m 
| Dr 
and the necessary and sufficient condition that any one, rp., of 
these integers be also divisible by p,, is that the coefficient, 7, of 
p. shall be divisible by ,. 

The number of the integers, which are to be removed from the 
system S, on account of their divisibility by p,, is therefore the 
same as the number of the integers 


Po 2Po, 3Pa °°» YPos*** Po, 


m 
I, 2, 3; er ee ue 
2 

which are not divisible by p,, and this is, since m/f, 1s divisible 


by p,, exactly as in the first step of this proof 


a (: =) 
pe 7 
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There remains then of S a system, S., of 


ae 
(2) nel 
Py P»2 P; Py P2 


integers, none of which is divisible by p, or p,. We are now led 
to conclude by induction that the number of the integers of S, 
which are divisible by none of the r primes f,, ps, ---, pr is 


(-A)-AO8) 


To prove that this is correct, it is only necessary, since we know 
that it holds for r= 2, to show that, if it holds for r—1, it holds 
for 7==1 4-1. 

assume then that, having removed from S the integers divisible 
by one or more of the 2 primes fj, po, °°, Pi, there is left a system 


Si of 
(-aeaeGrn) 9 
integers. 


To obtain the number of integers of S that are divisible by 
none of the primes /,, f,, °**, fizz, WE Must remove from S$; those 
integers which are divisible by fi,, and count those remaining. 
The integers of S; that are divisible by p;,, are the same as the 
integers of S that are divisible by /;,, but are divisible by none 
of the primes /,,/:,-":, pi. The integers of S that are divisible 
by Pr, are 

m1 
Pit 
and the necessary and sufficient condition that any one rpi,, of 
these integers shall be divisible by none of the primes /,, po, °**, pi 
is that the coefficient, 7, of pi,, be divisible by none of these primes. 
The number of integers to be removed from S$; coincides there- 
fore with the number of the integers 


Represent Pity 


2 
x 2 nade : 
Pi+i 
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that are divisible by none of the primes ~,,°**, fi. By formula 
1), whose correctness has been assumed, this number is 


ee ua aa 


Subtracting this number from 1) we get 


mE) (pO a) 
(0-S)=0(-5)0- 5) CO) 


an expression identical in form with 1), as the number of the 
integers of S which are divisible by none of the primes 
Pr Pos t, Pis Piss 

But we have proved the correctness of 1) when i= 2 hence wwe 
theorem holds when i==3, and similarly when 1=r. 

If m be any integer, positive or negative, and /,, Po,°'*, Pr be 
its different prime factors, positive or negative, we have as an 
absolutely general expression for (71) 


son inf. (=) 


Making use of the representation of m as a product of powers of 
its different prime factors, we obtain another expression for 
(i); that is, 
o(m) = (|Ps] — [pal > Pel — Deel Ta) 
If m be a power of a single prime as p*, we have 
(+o) =(el—0 FI 


and, in particular, when e=—I, 


$(p)=|P|—T. 
Hous Let 1 = 60 = 2°-3°5- 
We have ~(60) = 60(1 — 3) (1 — 4) (1-3) 
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a result seen to be true when we write down the complete residue system, 
mod 60, 1, 2)--s =, 60. 


For when we remove those integers which are not prime to 60, there 
are left the integers 


I, 7, II, 13, 17, 19, 23, 20, 31, 37, 41, 43, 47, 49, 53, 59, 
in number 16. 

We observe that ¢(m) is an even number except when m= + I, 
OF ie 2 fOr 11 at 2" we ‘have gi 2&.2%) —=2% 2. whichis an 
even number when e > 1, and if m contain an odd prime factor 
p,, then from 1) it is evident that ¢(m) contains the even number 
| p,| —1 as a factor and hence is an even number. This may be 
proved independently of the formula. 

The above proof, which is the one usually given for this 
theorem, has been used here on account of its great simplicity. 
It does not, however, admit of extension to the higher realms in 
the form here given, since a property of rational numbers has 
been made use of which has no analogue in the case of algebraic 
numbers of a higher degree. We therefore give below a proof 
depending upon the same principles as the above but so formu- 
lated that it is at once capable of extension to a realm of any 
degree.” In giving these two forms we hope to make clear to the 
reader some of those conditions which must be satisfied by the 
form of proof of a theorem regarding rational integers in order 
that, should the theorem be found.to hold for the integers of any 
algebraic number realm, the same form of proof can be used 
for it in the general case. The proof of the general theorem 
(Th. 1) depends directly upon the following simple theorem: 


THEOREM 2. Jf a=bc, where b and c are any integers, there 
are in a complete residue system, mod a, exactly |c|, =|a/b|, 
numbers that are divisible by b. 

since by $1, 1x, if the: theorem be true tor any particular 
residue system, mod a, it is true for all, we shall construct |c| 
numbers which are divisible by b and incongruent each to each, 
mod a, and shall then show that no other number of a complete 


*Cahen: p. 33. * See p. 44. 
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residue system, mod a, of which these numbers are a portion, can 
be divisible by b. 


Let CynCes Cs, 2) 
be any complete residue system, mod c. The integers 
be; be. =~, De; 3) 
are incongruent, mod a, for if 
bc, = bei, mod a, 


then Ch=ci, mode, 
which is impossible. 

Moreover, every integer, bd, divisible by b is congruent, mod a, 
to some one of the numbers 3), for d is congruent, mod c, to some 
one, say ci, of the integers 2), and from 


d= ci, modc, 


it follows that bd = be;, mod a, and be; is one of the integers 3). 
Hence the integers 3) comprise all those integers of a complete 
residue system, mod a, of which they are a portion, that are divis- 
ible by b. They are | c| in number and the theorem is therefore 
proved. 
If we select the particular residue system 
1, 2,--+, [m|, 
and observe that the integers of this system, that are divisible by }, are, 
m 
nde 


considering b positive, O20, a, | b, 


the truth of the theorem is at once evident. The form of proof used 
above has, however, been chosen on account of its immediate adaptability 
to the higher realms. 


From the above theorem we obtain at once the following: 


THEOREM 3. If p be any prime 


(«-j): 


There are in a complete residue system, mod p%, exactly | p°/p | 
numbers that are divisible by p and therefore | p*| —| p°/p | that 
are prime to p. Hence the theorem. 


$(2°) = |" 
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We shall now prove again Theorem 1, placing no restriction 
upon either # or its prime factors as to sign. 


THEOREM I. If p,, po, -++, pr be the different prime factors of 
m, and ¢(m) denote the number of integers of a complete residue 
system, mod m, that are prime to m, then 

p(m) = | m2 


(=p) Ca) O-paa): 
Second Proof.! 


Denote by S a complete residue system, mod m, and let 


a aaa 
Saray aa 
| 272 | | 272 | | m1 | 


Pa VAS a 


eal 
: |PillAe|--- 12, 
Consider now the sum 

N=|m|—S,+S,—-++: + (—1)'S>. 
Making use of Theorem 2, we see that an integer of S, which is 
divisible by 7 of the p’s but not by 7+ 1 of them, is counted 
once in | m |, 7 times in S,, (i —1)/1-2 in S,,---, and finally once 
in S;. Hence this integer contributes to N the number 


eg Men’, — ee (—1)*== (1—1)*=o0. 


Therefore every integer of S that is not prime to ™ contributes o 
to N, while every integer of S that is prime to # contributes I to 
N, since it is counted once in || and is not counted in S,, S., ---, 


S;. Hence N is the number of those integers of S which are 
prime to m; that is, 


N=®¢(m). 
* Mathews: § 7. 
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Therefore 


$(m) = |m| —S, + S,—- + (— 1S, 


=imi(r-)(1= 5) (1-5). 


§3. The Product Theorem for the ¢-Function. 


THEOREM 4. If m=m,m,, where m, and m, are prime to 
each other, then p(m) =¢(m,)o(m,). 

Let M, == ptpoeas pre, 
and My = + Qyhig,fs--: gels, 
where ~,, Po. °**, Pro G15 Joo °**» Ja are different primes. 


Then most py eeaee Prt g,f stall qs!*, 
and 


re =lei(e rs) 1) 
mila mpm 


= $(72,)p(7,). 
Ex. Since 60 = 4-15, and 4 is prime to 15, we have 
?(60) = $(4)¢(15) =2-8= 16 
The above result can evidently be extended to a product of 
any number of factors, which are prime each to each; that is, if 
NL== 1, M,-°* m,, where 1,7, °°* Ml, are prime each to each, 


then b(m) =¢(m,)b(m,) +--+ d(ir). 
This theorem is useful in the calculation of ¢(m). 
Pee Since 315 = 37+ 57 we have 
$ (315) = 6(3°)$(5)0(7) = 6-4-6 = 144. 


This property of the function (2) can be derived without the 
use of Theorem 1. This having been done and having shown that 


r)=l71(1- 1). 
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we can derive the general expression for ¢(m) in terms of m. 
This is the method adopted by Gauss. 


§ 4. The Summation Theorem for the ¢-Function. 


TuHeorEeM 5. If d be any divisor of m and m=—nd, the num- 
ber of integers of a complete residue system, mod m, which have 
with m the greatest common divisor d is $(n). 

Since by § 1, ix, if the theorem be true for any particular resi- 
due system, mod m, it is true for all, we may take the system used 
in Theorem 2. We have shown there that the system of integers 


Gi ans, = Onn. 1) 


where 1,,%2,°**,%n is a complete residue system, mod n, com- 
prises all those and only those integers of a complete residue SySs- 
tem, mod m, which are divisible by d. 

Hence the integers of this complete residue system, mod m, 
which have with d the greatest common divisor d are those of the 
system 1) in which the coefficient of d is prime to . Since 
N,,N.,°*", Mn 1S a complete residue system, mod n, the number of 
these integers is ¢(”) and the theorem is proved. 


TuHeEorEeM 6. If d,,d,,---,d- be the different divisors of m, we 
have 


S$ (ds) = |ml. 


The proof of this theorem follows easily from the last. Write 
down all the different divisors,d,,d.,---,d,, of the integer m, 
and let 

= Wied = id == Op, 


observing that both 1 and m are included among the divisors of 
m. Separate the integers of a complete residue system, mod m, 
into classes in the following manner. Place in the first class those 
integers of the system that have with m the greatest common 
divisor d,; by Theorem 5 they will be ¢(m,) in number. Place 
in the second class those integers of the system that have with 
m the greatest common divisor d,; they will be similarly ¢(m,) 


?Disq. Arith., Art. 38. Works, Vol. I. See also p. 75. 
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in number. Proceeding in this way it is evident that we shall 
have r classes and that each integer of the system will occur in 
one and but one of these classes. But the number of integers in 
a complete residue system, mod m, is |m]. Hence the total 
number of integers in these classes is | m]|. Since, however, the 
total number of integers in the classes is also 


p(m,) + o(m,) +> + o(mr), 


and M1, Mo, °°, Mr 
are merely A) Peas (7 


in different order, we have 


Yo(ds) =| m|. 


1 
Ex. Let m=30. The different divisors of m are 
1,27 3:5; 0, 20, 15) 30: 
We have then 
(1) + $(2) + (3) + (5) + (6) + (10) + (15) + $(30) = 30, 


a result which may be verified by calculating the values of $(1), (2), 
-++, $(30), and taking their sum. We have 


I+1-+-2+4+2+44+8-+8=— 30. 

The above property of the function ¢(m) has been derived 
immediately from the original definition of the function, no use 
having been made of the expression found for @(m) in terms of 
m. It completely defines ¢(m) and from it we can derive all the 
properties of the function, in particular the expression for ¢(m) 
in terms of m.? 

We shall give now another proof of this property of ¢(m) 
making use of Theorems 3 and 4. 

In order to bring out clearly the analogy which exists between 
this proof and that of the corresponding theorem in the higher 
realms which will be given later we shall put no restriction upon 
either m or its prime factors as to their sign, although so far as 
this proof is concerned merely with rational integers, they may 
evidently all be assumed positive without limiting its generality. 


* Dirichlet-Dedekind: § 138. 


30 
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Let MH piper ++ per 


where /,,p.,°**, Pr are different primes. 
Every divisor of m has the form 


(1 — Ti oe pimp! see Pas i) 
where f, is one of the numbers 0,1, --: é,, 


f. is one of the numbers 0, I, --- @,, 


7, is One Of the nimbers 0,1; --: 
We have by Theorem 4 
b (di) =$( Pi") h(a!) + b(pr'*). 2) 


If we let f,, f., °°, f, run through the values 0, I, ---,¢, 30, 1,°°°,@.; 
“++ 30,1, °°, er, respectively, we obtain from 1) all the divisors of 
m, and from 2) the corresponding values of ¢(di) whose sum is 


2, (ds). 
We see therefore that the terms of the series obtained by multi- 
plying out the product 
P==[$(1) + $(P,) + $06.7) + °° + 601%) ] - 
Pot) EPP) OP a ee 3) 


are identical with the terms of 
2.¢(4:) 


that is, P=>°$(di). 
But 
$(1) any (?:) rs | Pi | —1,°**, $(/:") = | pi je-*(| Pi | aes 1 


whence 


(1) + $(p1) ae ae + $(p:%) — | pi [¢, 


and similarly for the other factors of 3). 
Therefore 


=m, 


P= |Pa|% |p, |% ae |Pr 
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and hence 
2$( di) =|m|. 


§5. Discussion of Certain Functional Equations and Another 
Derivation of the General Expression for ¢(m). 


THEOREM 7. If m be any integer other than + 1, whose dif- 
ferent prime factors are p,,p2,°**, pr, and d any divisor of m other 
than +m, and tf we separate all integers of the form 


m 
Pi, P2*** pi’ 

no p being repeated, into two classes, I and II, putting in class I 
those such that m 1s divided by none or by the product of an even 
number of the p's, and in class II those such that m 1s divided by 
the product of an odd number of the p’s, then exactly as many 
integers of the one class are divisible by d as of the other. 

Before proving this theorem it will be well to illustrate its 
content by an example. 

et 


i= 00=-2 45. 
Forming the above mentioned numbers we have the following: 


(lass (1. * 60; ss om is : that 1s,:60510,6).4: 
Bia OES as 

Glass 11: sous aa es aes ; that 15, 30,20. 12,2, 

7 ee aN ade 

If now d=I0, we see that two numbers of each class are 
divisible by 10; that is, 60 and 1o of I, and 30 and 20 of II. 

We proceed to prove the theorem, observing that since we are 
concerned here only with questions of divisibility and since in 
such questions what is true of one associate of an integer is true 
of both of its associates, we may without limiting the generality 
of our proof assume m™, p,,°*:, Pr and d to be positive. 

Making this assumption, we see that the positive and negative 
terms of the developed product 


* Dirichlet-Dedekind : § 138. 
4 
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aO-eC-a) 


coincide respectively with the integers of I and II. That is, 
denoting by 3,, 3m,, respectively, the sums of the numbers of 
these classes, we have 


m (: —_— >) (: — ) (1 — 5 ) = 3m, — 3m, 


VA fh ae p4% po Scott pr® : 
we shall first prove the theorem for the case in which 


é, ey ey = IS 


that is, m is not divisible by a higher power than the first of any 
prime. 
Setting ~,p, +--+ pra, we have 


(1-5) (r= 5) (2 5) =n (a0 
= Sa, — 2a, 


where 3a,, 3a, have meanings corresponding to those of 3m,, 3m. 

If now b be any positive divisor of a other than a, the number 
of the a, terms that are divisible by b is exactly equal to the num- 
ber of a, terms that are divisible by b, for, if we put 


a= bq,9.°"* Js 


where q,,92,°°',@s are those prime factors of a@ which do not 
divide b, then the a, terms and the a, terms that are divisible by D 
are respectively the positive and negative terms of the developed 
product 
Ge st 2) 
Moreover, since b=! a there is at least one prime, gq, that di- 
vides a but not b; that is, there is at least one g. Hence there 
are exactly as many positive as negative terms in the developed 
product 2) and consequently as many of the a,’s as of the a,’s 
are divisible by b. 
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The theorem is therefore proved for the case in which m is not 
divisible by a higher power than the first of any prime. 

We proceed now to prove the theorem for the general case. 

Let a,a,,a, retain the meanings assigned above. We have 


m= PEs acre see Pret", p, p= NG. 


and it is evident that the integers m,,m, coincide respectively 
with the products na,,na,. Now let d be any positive divisor of 
m other than m and let g be the greatest common divisor of the 
two integers 


d= gb, n= ge. 


We see that b is a divisor of a; for ca/b is an integer since 


etme ger 3) 


which is an integer, and c is prime to D. 

From 3) it follows, since c is prime to D, that, if dm, then 
c==1I and b=a Conversely, if b be equal to a, and hence be 
divisible by all prime factors of m, then c must be 1, since it is a 
divisor of m but prime to b, and hence d= ™m. 

Excluding, therefore, the case d==™m, so that we have always 
b=-a, there are among the integers a, exactly as many that are 
divisible by b as there are among the integers a,. 

Since, moreover, the necessary and sufficient condition that an 
integer m,, or m,, where 


Nd or ., 
or Mm, 10, -— 0ce,. 


shall be divisible by d= gb, is that a,, or a,, shall be divisible by 
b, there are exactly as many of the integers m, divisible by d as 
of the integers m,. 

The theorem is therefore proved. 

Many interesting applications may be made of this theorem; 
among them are the two following: 
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THEOREM! 8. A) If f(m) and F(m) be two functions of an 
integer m that are connected by the relation 


2f(d) =F(m), 4) 
where d runs through all divisors of m including m, then 
f(m) = 3F (m,) —3F(m,), 5) 


where m,,M., run through the values defined in the last theorem. 
B) If f(m) and F(m) be connected by the relation 


Tif (d) =F (m) 6) 
where the product relates to the values of the function corre-. 
sponding to all the values of d, then 

TIP (m 
f() = Et): 7) 

To prove A it is sufficient to observe that if d be any divisor 
of m other than + m, it is a divisor of exactly as many of the 
m,’s as of the m,’s (Theorem 7), and hence, when in 5) we 
replace the F’s by their values in terms of the f’s from 4), f(d) 
will occur exactly as often with the plus sign as with the minus 
sign. 

Hence all terms in the second member of 5) will cancel except 
f(m) which occurs once only. We shall illustrate this by a 
numerical example. 

Let m=15. We have 


DO ee a 1 OO): 
whence im,=1+15, 
and Sm, =3-+ 5. 

Also from 4) 


POD) Go) ts) 


AOD ell ecy ==F (5), 
i) = 7.03) =F (3), 
f(t) == F(1). 


This theorem holds also in the case m= 1, which was excluded in Th. 
7, if we assume that in this case there is cnly a single m.,=1, and no m2. 
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We have now from 5) 


f(15) =F (m,) — SF (m,) ; 
for 


AS ee) es) a 15) eh | 
ear) a It) 3) 1G) ts) 
ee a Oe ea 
a5). 
The proof of B is evidently exactly like that of A. It will 


suffice if we illustrate it by a numerical example. 
Let m1==15,; we have from 6) 


FU) ECGS (5) 715 Bes) 


FOX) FCS) a 
f(1) (3) = F (3), 
(1) me 
From 7) 
(05) = HF Gory 
<2) 2Gs) 
Lia (Sie 


fo 0G) Se 


Say a ? 


f(1)f (3): fF) F(5) 
== f (15). 


From Theorem 8, A, we can easily deduce by the aid of 


Theorem 6 the general expression for $(m). 
From Theorem 6 we have 
3o(d) =| mI, 
where d runs through all divisors of m. 


Applying Theorem 8, we have 
f(m) =¢(m) and F(m) =| m|, 
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and hence 


(on) = Sam, — Ean, =|] (1 ~Tal) (: aa) o(: ~ini) 


As an example of the use of Theorem 8, B, we give the fol- 
lowing : 

Let f(m) =p, when m is a power of the prime number p, and 
f(m) =1, when m= 1 or is divisible by two or more different 
prime numbers. 

We have 

Uf (d) =m, 
where d runs through all divisors of mm, from which it follows by 
Theorem 8, B, that the quotient 
im =m) 
is different from 1 only when m is a power of a prime number, 
in which case it is equal to this prime. 

For a derivation by another method of the other properties of 
the ¢ functions from the single one that 


Xo(d) = |m, 
see Kronecker, Vorlesungen uber Zahlentheorie, Vol. I, pp. 245, 
246. 
| Also for another independent proof that 


) $(ab) =$(a)$(b), 
if a be prime to b, see the same, p. 125. 


§6. ¢-Functions of Higher Order.' 

The theory of the ¢-function may be generalized as follows: 

By dn(m) we denote the number of sets of n integers of a com- 
plete residue system, mod m, such that the greatest common 
divisor of the integers of each set is prime to m, two sets being 
different tf the order of the integers in them be different. 

For example, let m=—6; then 


1,2)3;4;5,0 1) 
*Cahen: pp. 36, 37. Bachman: Niedere Zahlentheorie, pp. 91, 93. 
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will be a complete residue system, mod 6. All possible sets of 
two numbers each that can be formed from the numbers 1) are 


3 ro ee TA Bos 1,6 
oral 2;.2 2.3 one 2.5 2.6 
3, 1 3, 2 Ris. 3, 4 a5 3, 6 
At 4, 2 4, 3 4, 4 4, 5 4,6 
shee 5, 2 DID 5, 4 Sie) 5, 6 
On 1 6:2 0.3 6, 4 6, 5 6,6 


Of these there are twelve sets the greatest common divisor of 
the numbers of each of which is not prime to 6; they are 


Padi 2a4 20. 3.73 3.0: 4, 2.4 Ay oO Oe Oat A Og 


There are therefore twenty-four sets, the greatest common 
divisor of the numbers of each of which is prime to 6. Hence 


p2(6) = 24. 
It can be shown that 


senmine(s—pis) ahs) =i) 


where /,, Po, °°, Pr are the different prime factors of m. 


The following theorems can also be proved: 
i. If m=p, a prime number, then 


on(P) =| |"—1. 


ii. If |m| > 2, dn(m) ts even. 
iii. If m, and m, be two integers prime to each other, then 


gn (MyM) = hn( My )hn(Ms). 
iv. If d run through all divisors of m, 
S600) ae, 


Ex. Let m=6, and »=2; then 


¢:(6) = 6(1—42) 1 — 42) = 24. 
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§7. Residue Systems Formed by Multiplying the Numbers 
of a Given System by an Integer Prime to the Modulus. 

THEOREM 9. Jf m,,mM,.,°*',™m be a complete residue system, 
mod m, and a be prime to m, then am,, am,, °**, Mm is also a com- 
plete residue system, mod m. 

The integers am,,am,,°*:,€Mm are incongruent each to each, 
mod m, for from 


am, ==am;, modm, 
it would follow that, since a is prime to m, 
m;,==m;, modm, 


which is contrary to the hypothesis that m,,m,,---,m™m form a 
complete residue system, mod m. The integers am,, ---, amm are, 
moreover, |m| in number. They form, therefore, a complete 
residue system, mod m. 

Cor. If 11,%2,°**;foum) form a reduced: residue system, mod 
m, and a be prime to m, then ar,,-::,argcm) 1s also a reduced resi- 
due system, mod m,; for ar,, -+-, @rgcm) are incongruent each to 


each, mod m, prime to m and ¢(m) in number. 


Ex. since 
Boo) Sr Ty Te BS dS, 8, 19, 20 
constitute a complete residue system, mod Io, and 3 is prime to Io, 
— 27, 6, —5I, 42, 45, — 12, — 39, 24, 57, 60 
is also a complete residue system, mod 10. Likewise since 
ase aos ey oO 
is a reduced residue system, mod Io. 
er 275. ens Oy: OF 
is also a reduced residue system, mod Io. 
If » be any prime number and a any integer prime to f, it is 
evident from the above that there exists an integer a, such that 
aa, == 1, mod p. | 


We call a, the reciprocal of a, mod p. 
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§ 8. Fermat’s Theorem as Generalized by Euler. 


THEOREM 10. Jf m be any rational integer and a any rational 
integer prime to m, then a?™ == 1, mod m. 


Let Pipl os os aay 1) 


be a reduced residue system, mod m. Then since 

ar, QL, hou ag QL gm) 2) 
is also a reduced residue system, mod m, each integer of 2) is 
congruent to some integer of 1), mod m, that is, we have 


ar, ==1jy 


ar, =T7;,5 
2 +, modm, 2) 


Or g¢m) = Tigcm) 


where 14,,7j55°""»Tigomy are the integers 1), though perhaps in a 


different order. Since 7j,,7j,5 oi igen ake the integers 1), we 
have 


Pig Ug) oo io Saray ae P. 
Multiplying the congruences 3) together, we have 
ae™) P== P, modm, 4) 


where P is prime to m, since each of its factors is prime to m. 
Hence, dividing both members of 4) by P, we have 


a?(™ ==1, mod am. 5) 
If m= -+ p", where p is a prime, we have 
qP\-Dipi*" = 1, mod 9”, 6) 
and, in particular, when m= p 
qipl-t==1, mod p. 7) 
If p be positive, 7) becomes 
a?-'==1, mod p; 8) 
that is, if p be a positive prime number, and a an integer not divis- 
ible by p, a*—1 is divisible by p. This is the form in which 
the theorem was enunciated by Fermat.* 
1This theorem was published by Fermat in 1670, without proof. Euler 


was the fitst to give a proof. He gave two: Comm. Acad. Petrop. VIII, 
1741, and Comm. Nov. Acad. Petrop. VI, p. 74, 1761. 
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Ex. x. Let S15: a 2. then 115) 4. 
From 5) it follows that 


2ap(m) — 2 ==1, mod Is; 


that is, 256 =I, mod I5. 
hee, tet p>75-6— 3 

From 7) it follows that (—3)*==1, mod7; 

that is, 729 == 1, mod 7. 
Px: 35 Let 


Wea pt eo oe fete C 4s, ) a 2+ 3G: 
From 6) it follows that 
2°*==1I, modg; 
that 1s, 64 == 1, mod 9. 
On account of the great importance of Fermat’s theorem, we 
shall give for the form 8) a second proof, depending upon the 


binomial theorem. If a?==a, mod f, | 9) 
where p is a positive prime, hold for every integral value of a, 
then a®’-'==1, modp 
holds when a is prime to p. 

We shall show now that g) holds for all integral values of a. 
We see that 9) holds when a=1. If, therefore, we can show 
that a sufficient condition that 9) shall hold for a=a,+1 is 


that it shall hold for a= a,, 9) will hold for all positive integral 
values of a. We have by the binomial theorem 


(0 1)9—er + pars hE) ee 
gC ae 
From § 10 we know that all coefficients in this expansion are 
integers. Hence since p occurs as a factor in the numerator of 
the coefficient of every term except the first and last, and, since 
the denominators of these terms contain only factors that are 
prime to p, the coefficient of every term except the first and last 
is divisible by p, and we have 


(a+ 1)?==a? + 1, mod, 


for every integral value of a. 


ap? t... aay ae 
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Therefore (a,-+ 1)? =a,?+1, mod gf, 
whence assuming that 9) holds for a—a,; that is, 
a,? =a,, mod P, 
we have (a, +1)? =a,+1, modp; 


that is, 9) holds for a—a,-+-1, if it holds for a—=a,. But 9) 
holds for a1. Hence 9) holds for every positive integral 
value of a. Moreover, since every negative integer is congruent 
to some positive integer, mod p, 9) holds also for all negative 
integral values of a. 

Fermat's theorem in the form 8) is an immediate consequence 
of the theorem that we have just proved. 


§9. Congruences of Condition. Preliminary Discussion. 

The congruences which we have so far considered may be com- 
pared to arithmetical equalities, the values of the. quantities in- 
volved being given and the congruence simply expressing the fact 
that the difference of the two numbers is divisible by the modulus. 

We shall now consider congruences which hold only when 
special values are given to certain of the quantities involved ; that 
is, the values of these “ unknown” quantities are determined by 
the condition imposed by the congruence; for example, let + be 
determined by the condition that its square is to be congruent to 


2,mod 7. We have 4? == 2, mod 7, 
and see easily that we must have 
4 = 3 or — 3, mod 7. 


To develop the theory of congruences of condition, it is neces- 
sary to introduce the conception of the congruence of two poly- 
nomials with respect to a given modulus; thus, if f(4,,%2,°°',¥n) 
be a polynomial! in the undetermined quantities x,, 1, °°, %n with 
rational integral coefficients, we say that f(%,,¥2,°'';4n) 1s tden- 
tically congruent to o with respect to the modulus m, if all its 
coefficients be divisible by m. 

1We shall understand by a polynomial in undetermined quantities 


41, %2, «++, 4#n a rational integral function of #1, 42, ---,4n whose coefficients, 
unless the contrary be expressly stated, are rational integers. 
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This relation is expressed symbolically by 
47 2..- 4) 0, Hicd 
Two polynomials f(2%,, ¥2,°°*;4%n) and o(%,,%2,°"",4n) are said 
to be identically congruent to each other, mod m, if their differ- 
ence be identically congruent to 0, mod m, or what is the same 


thing if the coefficients of corresponding terms in the two poly- 
nomials be congruent; that 1s, in symbols 


PO 2 Gn te, ae) OG 
if Fas 4a te) —— OO Fa, +, Fn) =O. mod m. 
For example, we have 
8x1? — 2ry + 6y + IS 22° + ry— 2, mod 3, 
since 6.1? — 3ry + by + 30, mod 3, 
or, in other words, since 
8=2, —2=1, 6=0, and 1==— 2, mod 3. 


Df jez Xo, ee —) va) = o( 4, Voy ee as a): mod mM, and Qi, Qs, oe *y An 
be any m integers, then evidently 


T0085, 0, ) = 00, 0.,-",). mod mM. 
If, however, all the coefficients of f(+,,7.,°°:,4%n) be not congru- 


ent, mod m, to the corresponding coefficients of $(.7,,.%., °°", 4n); 
we do not have in general 
f(a,, Ay, *"", An) = (ay, Qy,*"", Qn), mod Wt, I) 
for every set Of integers a,, G,,--*,.0.. The demand that 4,,4,,°**, 7s 
shall have such values and only such that 1) will hold is expressed 
by writing 
eae Vo,°""5 ¥n) a p (4, Vo, 3 Xn); mod mM, 2) 
Any set of integers satisfying 1) is called a solution of 2). 
The determination of all such sets, or the proof that none exist, 
is called solving the congruence 2). It is customary to say, how- 
ever, that a congruence is solvable or unsolvable according as it 
has or has not solutions. We call 2) a congruence of condition. 


1The symbol == is read “is identically congruent to.” 
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lf as0,;-°3,¢, and 0,,0,°-*; 6, be two sets of 7: rational in- 
tegers and 


1= b, 
a, ==b, 

, mod 7, 2) 
Cr by, 


then by §1, v, 
7(a;, Qo, ee) a mle Dix peaadcs om ie mod Dk 
and (04, As, °°*, An) = (0, bg, +++, bn), mod m. 


Hence, if a,, a,, «++, Gn be a solution of 2), D,, b2, -+:, by is also a 
solution. Two solutions so related are, however, looked upon as 
identical. 

In order that two solutions may be counted as different, it is 
uecessary and sufficient that there shall be in the one solution a 
value of at least one unknown which is incongruent, mod m1, to 
the value of the same unknown in the other solution; that is, the 
n relations 3) must not hold simultaneously. 

It is evident from the above that in order to solve any con- 
gruence, as 2), it is sufficient to substitute for the unknowns the 
|m|" sets of values obtained by putting for each unknown the || 
numbers of a complete residue system, mod m, and observe which 
values. Of (44) ¥2)°1?, Yn) SO obtained are congruent to the corre- 
sponding values of $(.7,,%2,°"'5 4), mod m. There being only a 
finite number, |m|", of possible solutions, we can by this process 
always completely solve any given congruence. If the congruence 
have the form 


Litt na mod #72, 
and a,,d,°**,@n be a solution, (hen f(t 45; 45) 1c said to be 
zero, mod m, for these values of 71, 1, °°", Tn. 
Ex. Let us consider the congruence 
f(a,y) = 27 — ary + y—2y’ + 1==0, mod 3.’ 4) 


1In order to avoid confusion, we shall use throughout this book the 
symbol = instead of == to denote algebraic identity. 
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Putting for + and y, the numbers —1, 0, 1-of.a complete residue system, 
mod 3, we obtain nine values of f (4,y). 


f(o,—1) =—2, f(1,—1) =1, f(—1,—1) =—], 
POO) = (EO) 2 3, 1, 0) 3, 
f (0, I) = 0, Ch, 1) =I, f(— I, 1) = 3; 


Four of these values f(0,1), f(1,0), f(—1,0), and f(—1,1) are con- 
gruent to 0, mod 3. Hence the solutions of 4) are: 


== Of, VSI, 
ie ed a mod 3. 
a 
t4==—1, YSI, 


By the degree of a polynomial, mod m, we shall understand the 
degree of the term, or terms, of highest degree, whose coefficient, 
or coefficients, are not divisible by m. 

A-reduced polynomial, mod p, is one whose coefficients are all 
numbers of the residue system, 0, I, --:, —I. 


§ 10. Equivalent Congruences. 
Addition and M ultiplication Transformations. Two congruences 


fi( 41, 42, i fo(41,%., "**,¥n), mod m, 1) 
and fi (41, Vo, °°*) ¥n) == hn(41, Fo, °°°, Hn), mod m, 2) 


are said to be equivalent when every solution of the first is a solu- 
tion of the second, and every solution of the second is a solution 
of the first. 

In solving a congruence, as in the case of algebraic equations, 
we proceed under the assumption that a solution exists and look 
upon the congruence as an identity in the values of +,,4,,°°*,4n 
that satisfy it, though as yet unknown. Looking then upon 1) 
as an identity in these unknown values of 4,, 4,,°°*,n, we con- 
sider what operations can be performed upon 1) that will produce 
another identity 2) such that each of these identities is a neces- 
Sary consequence of the other. Operations of which this is true 
we shall call reversible operations. 

Referring to §1, we see that there are two such operations: 
first, if 1) be the given congruence and 


ez a in) == F (44,42, = ha) mod mM, 3) 
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be any identical congruence, mod m, in +,, %., °°", 4%, we can add 
3) member by member to 1), obtaining 


Tee; tn) mee Ceres S ==f.( 41, 4, es Xn) 


+ F,(4,,%2,°°';4n), modm, 


a congruence equivalent to I). 

By means of this transformation, we can transpose any term 
with its sign changed from one member of a congruence to the 
other, and can thus reduce any congruence, as I), to an equiva- 
lent congruence of the form 


P(e to 24) =O, mod wr 4) 


whose second member is 0. We shall hereafter assume the con- 
gruences with which we deal to have been reduced to this form. 

We may also by this transformation reduce the coefficients of 
f (+1, %2,°**; 4%n) to their smallest possible absolute values, mod m, 
and thus lessen the labor of solving the congruence. 

Ex. The congruence 

14%* — 104° + 247+ 74% — 12==0, mod 7, 5) 

is equivalent to the congruence 


— 34° + 2x%7-+ 2==0, mod 7, 


which has two roots *==—1I or 2, mod 7, and these are therefore the 
Toots 01 5). 


A second operation which, when performed upon any congru- 
ence, as I) or 4), yields an equivalent congruence, is the multipli- 
cation of both members of the congruence by any integer, a, prime 
to the modulus; that is, the congruences 


F(t, &.,5* ta) = 0, mod a1 
and Of (i460, OGM, 
where a is prime to m, are equivalent. 
Conversely, we may divide all the coefficients of a congruence 
by any integer prime to the modulus, obtaining an equivalent 
congruence. 


Ex. The congruences 


I5xy — 21ry + 3y’ + 9-0, mod 35 
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and sry— 7ey+ y?+ 3= 0, mod 35 
are equivalent. 

As a special case of the multiplication transformation, as we 
shall call the second of the above transformations, we have the 
multiplication of the congruence 


Tie te) == 0. Od, 
by —1; that is, the change of sign of each of its coefficients. 


§i1. Systems of Congruences.t Equivalent Systems. 

So far we have considered only single congruences ; that is, the 
unknown quantities are subjected to a single condition. We can, 
however, as in the case of algebraic equations, subject them to 
two or more conditions simultaneously ; that is, 1,, 1, +++, an may 
be required to satisfy simultaneously the congruences 


fi (¥1, Vo, ees Xn) ai O, mod m,, 
Putte a, ly) = OO l,, 


PA dacs ae) =O, Od MH. 


By a solution of such a system of congruences we understand 
a set of values of .,,2.,°°',n which satisfy simultaneously all 
the congruences. 
Two solutions, d,, @,, °°", dn atid b,, b,,---, bn, are considered dii- 
ferent when and only when the mr congruences 
a,= b, > 


a, =U» 


>,mod m,, mod m1,, ---, mod m,, 


An = Dy J 
are not satisfied simultaneously. 

Two systems of congruences are said to be equivalent when 
each solution of the first system is a solution of the second and 
each solution of the second is a solution of the first. It is evident 
that any one of the congruences of the system can be transformed 


+See Stieltjes: Essai sur la theorie des Nombres. 
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into an equivalent congruence by the transformations of the last 
article and the system so obtained will be equivalent to the origi- 
nal system. If the moduli be the same, we can obtain an equiva- 
lent system by adding two congruences and taking the new con- 
gruence together with the r — 2 of the original ones not used and 
either one of those used. Thus the system 

1. (4% %e. °**; Hn) =O, mod m, 

To (445 Xs 5 4n) =O, mod wr, 
is equivalent-to the system | 


T) 


Tilt he, tn) == 0, 0d m, 
es (41, Voy" ""s Xn) aa fate Voy """s ¥n) == 0, mod m, 
or, more generally, if a,,a, be any two integers prime to m, 1) is 
equivalent to the system 
i (Qi te Gee) 0, me, 
Of (41, %o9 °°, Xn) A Oafe(H1 Fa." 4n) ==0, mod m. 
Ex. Let the given system be 


4¥ — 39+ 725 ==5 
sa + y—3¢==2 }, mod 17. 2) 
Xx —4V— SDI 


Multiplying the third congruence first by —4 and then by —5, and 
adding it to the first and second respectively, we obtain the system 


3Zy+11z= I 
21y + 24 == — 3 , mod 17, 3) 
x—4y— s= i! 


that is equivalent to 2). 


Adding the first and second congruences of 3), we obtain the equiva- 
lent system 


132 ==— 2 
21y + 2s ==— 3 +, mod 17 
fae ee 
The congruence 13 == — 2, mod I7, 
has the single solution c==— 8, mod 17, 
that substituted in 21y + 25 ==— 3, mod 17, 
gives y ==— 1, mod 17. 


Substituting these values of y and s in 


<— 4) —2==I, mod 17, 
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we have == 0, 10d ty, 
We obtain therefore as a solution of the given system 


4==6, y==— 1, 2==— 8, mod iy, 


a result easily verified by substitution in the original system. The method 
of solution shows that this is the only solution (see § 13). 

§ 12. Congruences in One Unknown. Comparison with 
Equations. 

The general congruence in one unknown has the form 


f(+) =aye" + a,x + --- + a,=0, modm. I) 
If r be a rational integer such that 


f(r) =o, modm, 
r is called a root of 1). 
The degree of 1) is, as has been said, the degree of the term 
of highest degree whose coefficient is not divisible by m. 
Such a congruence presents many analogies to the equation 


Aye” + Ax" * + ++ + An ==0; 2) 
for example, to the addition to both members of the equation of 
the same function of the unknown corresponds the addition to 
the members of the congruence of any functions of the unknown 
which are identically congruent with respect to the modulus, and 
to the multiplication of the equation by any quantity not a func- 
tion of the unknown corresponds the multiplication of the con- 
gruence by any integer prime to the modulus. 

If m be a prime number the congruence presents still other — 
striking analogies with algebraic equations, these analogies being 
absent in the case of a composite modulus. 

For example, consider the two congruences of the second 
degree 

(4—1){7— 3) —0, mod 7, 3) 
and (4 —1)(4— 3) =0, mod 12. 4) 


We see that 3) has two roots, 1 and 3, while 4) has four roots, 
I, 3, 7 and 9; that is, 3) has a number of roots equal to its degree, 
while 4) has more roots than its degree. 

The analogy with algebraic equations in the case of the prime 
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modulus is as evident as is the lack of analogy in the case of the 
composite modulus. We shall see later that no congruence of the 
form 1) with prime modulus can have more roots than its degree. 

The reason for this difference in the case of the above example 
is seen to be that, if a be any integer, the product (a—1)(a— 3) 
is divisible by a prime number, as 7, when and only when one of 
its factors is divisible by this prime, a statement no longer true 
when the modulus is composite; that is, a product is zero, mod m, 
when and only when one of its factors is zero, mod m, if m be a 
prime number, but not otherwise. We shall, therefore, in the 
discussion of the general congruence of the form 1) confine our- 
selves first to the case in which the modulus is a prime and shall 
then show that the solution of any congruence of the form 1) 
with composite modulus can be reduced to the solution of a series 
of congruences of the same form with prime moduli. 

Although striking analogies between congruences and algebraic 
equations have already been pointed out, while others will be 
observed later, it is important to note an essential difference 
between them. 

In the case of an algebraic equation it is the same thing to 
say that all the coefficients of an equation are zero or that it is 
satisfied by every value of the unknown quantity, each of these 
properties implying the other. 

In the case of congruences, however, although, if the coefficients 
be all congruent to zero with respect to the modulus, the con- 
gruence is, of course, satisfied by any integral value of the 
unknown, on the other hand, it is not true in general that, if a 
congruence be satisfied by all integral values of the unknown, that 
all of its coefficients are divisible by the modulus. 

For example, as is easily, seen from Fermat’s theorem, the 
congruence 


VP — x =0, mod fp, 
where p is a prime, is satisfied by every integral value of +; but 


its coefficients are not all divisible by p. The reason for the dif- 
ference will be shown later. We shall see also that, although a 
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congruence of the form 1) with prime modulus can not have more 
roots than its degree, it can have less; for example, the three 
congruences 

ave—2r?— x-+ 2==0, mod5, 


a + 21° — 24 + 1 ==0, mods, 


e+ qx?+ a+ 1==0, mods, 
that are all of the third degree and have the same prime modulus, 
5, have respectively three roots, 1, —1, and 2, one root, — 2, and 
no root. 
Before taking up the general congruence in one unknown, we 
shall consider that of the first degree. 


$13. Congruences of the First Degree in One Unknown. 
The most general congruence of the first degree can be written 
in the form 
ax =b, mod m. 
We shall consider first the case where a is prime to m. 
THEOREM II. The congruence 
ax =b, mod, 
where ais prime tom, has always one and but one root. 
If we put for x successively the |i| integers 1,, m2, °*-, Mim Of 
a complete residue system, mod m, we obtain |m| integers am,, am,, 
‘++, GiM!m, that also constitute a complete residue system (Th. 9), 
and it is evident that one and but one of these integers, say ami, 
will be congruent to b, mod m. Hence the congruence has always 
one and but one root, m;. We can evidently solve any congru- 
ence of this: form by this method. 
Ex. Let the given congruence be 
34 == — 5, mod 14. 1) 


Taking as a complete residue system, mod 14, the integers 0, I, 2, 3, ---, 13, 
and putting + equal to these values in succession, we have 


Sy 0, 3% 6 0) 02-15); 15, 21; 24 27), 90, 331. 30, 180 
The only one of these integers that is congruent to — 5, mod 14, is 9; that is, 
3-3 == — 5, mod 14. 


Hence + ==3, mod 14, is the single root of 1) 
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By means of Fermat’s theorem we can find a general expres- 
sion for the root of a congruence of the above form. 
Since a is prime to m, we have 
ag(™) ==1T, mod m, 
which multiplied by b gives 
ba¢(™ == b, mod 1, 
or. abae(™-1 == b, modm. 
Hence ba?‘™-1 is the root of the congruence 
ax ==b, modm, 
where a is prime to m. 


This is one of the few cases in the theory of numbers where the 
quantity sought can be expressed as an explicit function of the given 
quantities. 

Ex. The root of 


34 ==— 5, mod 14, 


is fa 5-30" ned 14; 


that is, es — 5-3° == — IT = 3, mod 14. 
We shall now consider the general case where a is any integer 
that may or may not be prime to m. 


THEOREM 12. The necessary and sufficient condition for the 
solvability of the congruence 
av ==b, mod m, 
is that b shall be divisible by the greatest common divisor, d, of a 
and m, and when this condition is fulfilled, the congruence has 
exactly |d| incongruent roots. 
Let a—=a,d and m= m,d, where a, is prime to m,. From 


av==b, modm, 2) 
we have a,dx =b + km,d. 


Hence b must be divisible by d; that is, b==b,d is a necessary 
condition that 2) can be solved. This gives 


a,dv—=b,d+ km,d, 3) 


or a,.v==b,, modm,. 4) 
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Since a, is prime to m,, 4) has a root (Th. 11). Moreover, 
all roots of 4) are also roots of 2); for from 4) follows 3) and 
hence 2). Therefore the divisibility of b by d is a sufficient as 
well as necessary condition for the solvability of 2). We see also 
that not only are all roots of 4) roots of 2), but all roots of 2) 
satisfy 4) and are therefore integers of the form r+ km,, where 
ris a root of 4). We ask now how many of these roots are in- 
congruent to each other, mod m; that is, how many incongruent 
roots has 2)? Any two roots, r+ k,m,, r+ k,m,, of 4) are con- 
gruent, mod m, when and only when 


r+ k,m,—(r+km,) —=nm, 

where 7 is an integer ; that is, if 
(k, —k,)m,—=nm,d, 

or k, —k, =nd, 
or k,=k,, modd. 
Hence, in order that the roots of 2) shall be incongruent, it is 
necessary and sufficient that the values of k shall be incongruent, 
mod d. If we put, therefore, for k the |d| integers of a complete 


residue system, mod d, for example, 0, 1, 2, ---, |d| —1, we shall 
obtain all the incongruent roots of 2), namely 


rr+m,,r + 2m,,---,r-+ (|d| —1)m,. 
They are evidently |d| in number. 
Ex. Consider the congruence 
12% == — 20, mod 56. oe, 
Here d=4. Dividing by 4 we have 
3x4 == — 5, mod 14, 


a congruence whose root has already been found to be —11. Therefore 
the roots of 5) have the form —11-+ 14k, and are four in number. 
They are —I1I, 3, 17 and 31. 

§ 14. Determination of an integer tnat has certain residues 
with respect to a given series of moduli. 

Let us consider first the case in which the required integer has 
to satisfy two such conditions; that is, we are to determine + so 
that we have simultaneously 
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4+ =a,, modm,, 1) 
and 4 =a,, mod m,. 2) 
All integers satisfying 1) have the form +==a,-+m,y, where y 
is an integer. Since + must also satisfy 2), y must satisfy the 
condition m,) =a, —a,, mod m,. 2) 


By Th. 12 for 3) to have a solution, it is necessary and sufficient 
that a, — a, shall be divisible by the greatest common divisor, d, 
of m, and m,. If this requirement be fulfilled and y, be one 
root of 3), every root, 1, of 3) must satisfy the condition 


é tL ae 
that is, y==No+ qe 


where y, is any integer. All integers satisfying both 1) and 2) 
have therefore the form 


WM, 


¥ =a, + Myo +75 


: 1M, 
that is, v==a,-+m,4, mod sae 


Hence if x, be any integer satisfying both 1) and 2), all and only 
those integers satisfy both 1) and 2) that are congruent to 7, with 
respect to the least common multiple of the moduli of 1) and 2 

By an easy extension of this method we obtain the common 
solution, if any exist, of the m congruences 


4“ =a,, modm,, 
v“=a,, modm,, 
A . . ° 4) 


2 noi, 


and we see that, if +, be an integer satisfying all these congru- 
ences and / the least common multiple of the modul, 


v==-7,, modl, 


gives all the common solutions of the system 4). The general 


1 
F2? 
Ee 


ow 


fro 
a 
ed 


Col p~ — tc 
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problem of determining whether any given system of congruences 
of the form ax =), mod m, have common solutions and of find- 
ing them, if they exist, can be solved by the above method. When 
the coefficients of + are prime to the moduli the congruences can 
evidently be reduced to the form +==c, mod m, and we have the 
case just treated. If the moduli be prime each to each, 


[== 1,1, *** Ma 


and the congruences 4) always have a common solution. 

We shall now give another solution of this problem for the 
special case last mentioned. This solution is interesting on ac- 
count both of its symmetry and some important deductions that 
can be made from its form. We have then to determine the 
common solutions of the tongruences 4), the moduli m,, 71, +++, 17tn 
being prime each to each. 

We determine first for each modulus, m;, an auxiliary integer, 
b;, such that b; is congruent to I with respect to the modulus m; 
and is divisible by each of the other moduli, and hence by their 
product; that is, we determine b,, dy, --:, bn so that 


b,==1, modm,, and b, =0, mod m,m1, +++ mn, 


b, = 1, modm,, and b, ==0, mod mm, ++: mn, 


b,==1, modm,, and b,==0, mod mm, -+* mMy_,- 


It is evident that this can always be done, for we have in the case 
of b, from the second condition b,==m,m, ++: Mnc,, and it only 
remains to determine a value for c, in accordance with the 
condition 


M1oMs °** MnCl, ==1, mod a1,, 


that is always possible since 71,711, -** #1, 1S prime to m,. 
Having found these auxiliary integers, we put 


r== a,b, + a,b, + ++ + anbn, 
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and shall show that the common solutions of 4) are the integers 
satisfying the congruence 
4 ==r, mod m,n, +++ Mn. 5) 
if’ satisty 5), then 
“=r, mod m, 6) 
and, since all the auxiliary integers except b; are divisible by m1, 
from 6) it follows that 
«=ajibi, mod m, 
and hence, since b; =I, mod mi, 


we see that v=ai, mod mj. 


Hence every integer, that satifies 5), satisfies each of the con- 
gruences 4). Moreover, every integer, that satisfies each of the 
congruences 4), satisfies 5), for, if #, be such an integer, then 


from 

Vv, =a;, mod m, 
and r==aj;, modm, 
we see that Vy —r=0, modm;; 


that is, +, — r is divisible by each one of the moduli m,, m,., -+-, 7tn, 
and hence, since they are prime to each other, by their product. 

Therefore +,==7, mod m,m, °-: mn. Hence the integers satis- 
fying 5) are all the common solutions of 4). It will be observed 
that the auxiliary integers b,,b,,°::,b, are entirely independent 
of a,,@,,°°*,@n, being dependent only on the modul1. 


Ex. It is required to find the common solutions of the congruences 


#==2, modil, *==4, modi5, +==9, mod 14. 


To calculate the auxiliary integers 0;, bz, bs, we have 


by = 210¢1 == I, mod Ir, 


Os 150; = 1, Mod 4b; 
bs = 165¢s == 1, mod 14, 
and hence Q==1, modil, b:1=2I0, 


C2==4, modi5, b:= 616, 


C3==9, mod14, b3= 1485. 


Therefore r = 420 + 2464 + 13365 = 16249, 
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whence # == 16249, mod 2310, 
or 4 == 7, NOG 2310; 
a result that is easily verified. 


We observe now two important facts concerning r, that are 
direct consequences of the symmetrical method of its formation. 

First, if for a,, a,,°**,@n be put the integers of complete residue 
systems with respect to the moduli m,, m,, ---, mn, respectively, the 
resulting values of r form a complete residue system, mod J, for 
we obtain thus |/| values of r and they are incongruent each to 
each, mod /. To show this, let two values of r be 


, , / iA 
cae | ben De oe =e Op Dn, 
and ; r’—=a,"b, fe Ee ete pene ve abe 
where we do not have simultaneously 
a,’ =a,",mod m,, a,’ =a,", mod m,, -*+, dn’ = an’, mod m, ; 


that 1s, in order that the two values of r be different we must 
have at least one of the a’’s, such as aj’, in r’ incongruent, mod mj, 
to the corresponding a”, a;”, in r’”’. 


Let ai’ ==a;"", mod m;. 
If r’=r"’,mod!l, 
it would follow that Yr’ =r", mod mi, 
and hence also aji’b,; =aj"’b;, mod mj, 
or, since b; =I, mod m, 
ai’ =a;"", mod mi, 


that is contrary to our supposition. The two values of r are 
therefore incongruent with respect to the modulus /. 

In the second place, if we select from the system of values of r 
just formed those which are formed by putting LOP OG. 
the integers of reduced residue systems with respect to the 
moduli m,, 115, °°", Mn respectively, the resulting values of r form 
a reduced residue system, mod /. We have already shown that 
these values of r are incongruent each to each, mod 7. It re- 
mains to be shown that all and only those values of r that are 
prime to / occur in the system as formed. If one of these values 
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of r, as 7’, = a,'b, + --- + ay'bn, have a prime factor, p, in com- 
mon with J, then some one of the moduli, as m;, must have this 
factor in common with r¢, and since 

yr’ =a;’, mod m, 
a;’ and m,; would have the common factor p, which is contrary to 
the hypothesis that a;’ is an integer of a reduced residue system, 
mod mj. 

Hence all values of r obtained above are prime to J. More- 
over, when a value of r, as 7’, is prime to J, a,’,a,',°°*,@n’ are each 
prime to their respective moduli, for, if any a, as a;’, have a factor 
p in common with its modulus, then since 


'=a;’, modmi, 


r’ would have the factor p in common with m;, and hence with l. 
Hence all values of r, that are prime to /, occur in the above sys- 
tem, and it is therefore a reduced residue system, mod /. 


Bx et MO, ie = 
we have Ui oF odo, 
and bs == 60,== 1, mod 5, 
whence ¢,== 5, mod 6, 
and (= 7. mod 5. 
Then py 25, and b2 = 6, 
whence r = 25d: -+ 62. 


Putting for a: the values 1,5 and for az the values 1, 2, 3,4, that is, 
the integers of reduced residue systems, mod6, mod5, respectively, we 
have for the resulting values of 7 31, 37, 43, 49, 131, 137, 143, 149, that, 
being all prime to 30 and in number ¢(30), = 8, constitute a reduced resi- 
due system, mod 30. 


This method of forming a reduced residue system shows us at 
once that the number of integers in such a system, mod mm, °** Mn, 
where 71,, M,, °°", M, are prime each to each, is equal to the prod- 
uct of the numbers of the integers in the reduced residue systems 
for each of the moduli m,, m,, ---, mn. 

We obtain therefore a new proof of Th. 4; that is, that 


p(mym, -* Mn) = $(m,)p(my) -- o(Mn), 


where ™,, 1., °**, Mn» are prime each to each. 
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We shall proceed to the discussion of the general congruence 
of the mth degree in one unknown with prime modulus and shall 
first develop briefly the theory of the divisibility of polynomials 
with respect to a prime modulus. 

§15. Divisibility of one Polynomial by another with respect 
to a Prime Modulus. Common Divisors. Common Multiples. 

If p be any rational prime number we have the following 
definition: A polynomial, f(4), is said to be divisible with respect 
ta the modulus p by a polynomial d(x) when there exists a poly- 
nomial Q(x) such that 


f (+) == Q(+)o(+), mod p. 

We say that #() and Q(*) are divisors or factors, mod p, of 
f(x), and that f(+) is a multiple, mod p, of $(7) and Q(.x). 
We also say that f(#) is resolved, mod p, into the factors $(.) 
and Q(7). The degree of a polynomial, mod 9, is the degree of 
the term of highest degree whose coefficient is not divisible by p. 
The sum of the degrees of the factors of f(4) is evidently equal 
to the degree of f(x). 

Ex. It is easily seen that 

w+ 34*— 42° 4 2 == (247 — 3) (34°— 2? +1), mods. 
Hence 22° — 3 and 34°— +? +1 are divisors, mod 5, of #° + 34*— 47° +2. 

We have as direct consequences of the definition of divisibility : 

1. If f,(x) be a multiple, mod p, of f(x) and f,(2) be a mul- 
tiple, mod p, of f,(+), then f,(x) is a multiple, mod p, of f,(x), 
or more generally, 1f each polynomial of the series f,(x), f.(4), 
5 fn(4) be a multiple, mod p, of the one immediately following, 
then each polynomial of the series is a multiple, mod p, of all that 
follow. 

li. Jf f,(4) and f,(x) be multiples, mod p, of f(a), then 
fi(v) +f.(4) and f,(x)—f,(x) are multiples, mod p, of f(x), 
or more generally, if f,(”) and f,(x) be multiples, mod p, of 
f(x), and F,(x*), F,(*) be any two polynomials, then F,(x)f,(+) 
+ F,(+)f,(+) is a multiple of f(x). 

If two or more polynomials f,(4),f,(4),-+:,fn(x) be divis- 
ible, mod /, by a polynomial (1+), #(x) is said to be a common 
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divisor, mod pf, of f,(+),f.(¥), ++, fn(#). Ifa polynomial f(x) 
be a multiple, mod p, of two or more polynomials ¢,(.),¢,(-), 
““*,on(4), f(4) is said to be a common multiple, mod p, of 
$,(+), d2(«), 5 gn(¥). 

§16. Unit and Associated Polynomials with Respect to a 
Prime Modulus. Primary Polynomials. 

We ask now whether there exist polynomials that with respect 
to a modulus p divide all polynomials. Evidently those have this 
property that are of degree o and are $ 0, mod p; that is, the ra- 
tional integers not divisible by p, for they are divisors, mod p, of I 
and 1 divides every polynomial. Furthermore, these are the only 
polynomials having this property, for no polynomial, f(+), of 
degree higher than the oth can divide, mod #, all polynomials, for 
it can not divide I, since then the sum of the degrees of the 
divisor and the quotient, mod p, would be greater than o, the 
degree of I. 

We call the rational integers, excluding those divisible by p, the 
unit polynomials, mod p, or briefly, wnits, mod p, and since two 
polynomials that are congruent, mod /, are considered as identical, 
we can take as the units, mod fp, the integers of any reduced res- 
idue system, mod p, for example, 1, 2, ---, |p| — I. 

Thus the unit polynomials, mod 7, are I, 2, 3, 4, 5, 6. 

Two polynomials which differ only by a unit factor, mod , are 
called associated polynomials and are looked upon as identical in 
all questions of divisibility, mod p. 

If two polynomials, f,(), f.(”), are each associated, mod p, 
with a third polynomial, they are associated with each other ; for if 


fi(*) =af, (+), mod p, 2) 
and f,(x) = bf,(x), mod p, 2) 
where a and D are units, mod f, then, multiplying 2) by 0,, the 
reciprocal, mod /, of b, we have 

b,f.(v) =f.(+), mod p, 
and hence from 1) 


f,(x) ==ab,f,(x), mod p, 


where ab, is a unit, mod p. 
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Two polynomials, that are associated, mod #, are evidently of 
the same degree and each is a divisor, mod p, of the other. 

Conversely, if two polynomials be each divisible, mod p, by the 
other, they are associated. 

Two polynomials that have no common divisor, mod p, other 
than the units are said to be prime to each other, mod p. — 

Any polynomial, f(1), has |p] — 1 associates, mod p. -Of these 
one and only one has as the coefficient of its term of highest 
degree 1. This one is called the primary associate, mod p, of 
f(x). For example, the six polynomials 


“+ 2¥—3, 2°+4r—6, 34°+ 64 —2, 
AN 5, Ge Gt 1, OF 5x 4, 
are associated, mod 7, and x* + 27 — 3 is the primary one. 


§17. Prime Polynomials with respect to a Prime Modulus. 
Determination of the Prime Polynomials, mod p, of any Given 
Degree. 

A polynomial that is not a unit, mod p, and that has no divisors, 
mod p, other than its associates and the units, is called a prime 
polynomial, mod p. 

If it has divisors, mod p, other than these it is said to be com- 
posite, mod p. 

To find the primary prime polynomials; mod 3, of any given 
degree we may proceed as follows, considering all polynomials 
to be reduced. All polynomials of the first degree are evidently 
prime. Hence primary prime polynomials of the first degree, 
mod 3, are three in number, namely 


Boe le. ft. 
The reduced primary polynomials, mod 3, of the second degree 
are nine in number, namely 


x. wit, x? + 2x, 
et+i, wrtert+i, vt+ear4 it, 
wt2 wtrt+2, #+2r4+2. 


From the three primary polynomials of the first degree, we 
can form the six composite polynomials of the second degree 
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a We 1) se" 
(4 +1)? =22’?+e2r+1, Ala 2) ==277-b 27) niod 3: 
(rf2)seert xti, (wnt1)(rp2)=2*+2, 


These being the primary composite, polynomials, mod 3, of the 
second degree, we see that 


Vt, 2+r4r+2, 2tarta, 


are the primary prime polynomials, mod 3, of the second degree. 
In like manner we see that there are nineteen composite poly- 
nomials of the third degree, mod 3, and hence eight prime poly- 
nomials of the third degree, mod 3, since there are in all twenty- 
seven reduced primary polynomials of the third degree, mod 3. 
It can be shown that, when 7 is greater than 1, the number of 
prime polynomials, mod #, of the mth degree is 


Il 


I = ue iis 
. (2” pie =pn fe pnw ae: LY pnwds Tee ‘), 


where 4,, Jo, 3,°°*, are the different prime factors of n. 
This expression being always different from 0, it follows that 
there exist prime polynomials, mod p, of any given degree.” 


§ 18. Division of one Polynomial by Another with Respect 
to a Prime Modulus. 


THEOREM 13. Jf f(x) be any polynomial and $(x) be any 
polynomial not identically congruent to 0, mod p, there exists a 
polynomial Q(x), such that the polynomial 


f(4) —Q(+)o(4) =K(x), mod p, I) 


is of lower degree than $(+). 

The operation of determining the polynomials Q(x) and R(x) 
is called dividing f(1) by ¢(+), mod p. We call Q(#) the quo- 
tient, and R(x) the remainder in the division, mod #, of f(«) by 
o(x). We shall prove the existence of Q(x) and R(x) by giving 
a method for their determination. 


1H. J. S. Smith: p. 153. Borel et Drach: pp. 49, 50. Bachmann: 
Niedere Zahlentheorie, pp. 372, 373. 


80 THE RATIONAL REALM—CONGRUENCES. 


Let f(x) aye" + arr? + +++ tan, 
p(x) = bx™ + b,x + + + Dm 
be any two polynomials and let 
b, S==0, mod p. 


We shall consider first the case in which b, is 1, and shall then 
show that the general case can be reduced to this one. Since b, 
is I, we can divide f(x) by #(*) as in ordinary division until we 
get a remainder R(x) of lower degree than ¢(+7), the quotient 
being Q(+). We have then 


f(+) —Q(+)o(4) =R(4), 
from which follows at once 1). 
We can now reduce to this particular case the general case in 
which b, has any value not divisible by p. Let cy be the recip- 
rocal, mod , of b,; then 


Cop (4) = 4,(4), mod fp, 2) 


where ¢,(+) is a polynomial the coefficient of whose term of 
highest degree is 1 when reduced, mod p. Dividing f(+) by 
$,(7) as above, we have 


f (4+) = Q(4+)d.(7) + (+), mod p, 


and hence, making use of 2), 


f(x) =c,0(x)o(4) + R(x), mod p, 

where c,Q(*) and R(x) are the quotient and remainder required.* 

The above theorem plays the same role in the theory of the 

divisibility of polynomials with respect to a prime modulus that 
Th. A does in'that of rational integers. 


Ex. Let it be required to divide, mod 7, 
fir) = 52° — 2xt+ on’ — sr? tord+i, | 
by (4) 23+ # —5r —2. 


*See also Cahen: p. 70, Borel et Drach: p. 33, and Bachmann: Niedere 
Zahlentheorie, p. 368, concerning the division of one polynomial by another 
with respect to a prime modulus.. 
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Since 5 is the reciprocal, mod 7, of 3, we have 
b1(4) == 50(4) 2’ + 52° + 34 — 3, mod 7. 3) 

Dividing f(*) by ¢:(+) as in ordinary algebraic division, we have 

5x* — 2x6 + ax? — ox tarti— (54? — 274 + 122) (2° + 53° 4+ 3¢ — 3) 
= — 5194° — 4454 + 367, 

whence, reducing coefficients, mod 7, 

54° — 246 + 20° — 5a? + ax +1 — (—2r+rt+3)(e4+ 574+ 34 —3) 
=— 1’ + 3x + 3, mod7, 

or, making use of 3), 

ga° — 2a + ax* — 5a? + an + 1—5(—2e7 + 44 3) (32° + — 5x — 2) 

==—- 4 4-34 44, mgd. 

that is, 

52° — 22 + 22° — 5x? + ar + 1 —(— 32° — 24 +1) (34° + 2? — 5x —2) 
== — x? + 34 + 3, mod, 

where —327— 24 +1 and —2*+3%+3 are the required polynomials 

Q(#) and R(*). 

§19. Congruence of two Polynomials with Respect to a 
Double Modulus. 

Two polynomials, f,(*), fo(*”), are said to be identically con- 
gruent to each other with respect to the double modulus p, (*), 
where p is a prime number and $(x) a polynomial, if their differ- 
ence, f,(x) —f.(4x), is divisible, mod p, by $(+); that is, in 
symbols 


f(x) =fe(x), modd p, $(*), r) 

if i(e) — fils) = OG) 4); mod, 2) 
or, in other words, if 

f.(7) —f2(4) =QO(4)b(4) + F (4) +6, 3) 


where Q(+) and F(x) are polynomials. — 

It should be observed that 1), 2) and 3) all express exactly the 
same relation between the polynomials f,(*#), f,(#) and (+) 
and the prime number #, but, just as in the case of congruences 
between integers, 1) places this relation before us in a more 
illuminating manner than does either 2) or 3). 

6 
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The fact that f(#) is divisible, mod p, by ¢(+) is expressed in 


the above notation by writing 


(4) 0, moda, p27). 


Ex. From §15, Ex., we have 


a + 34+ — 427° + 2==0, modd 5, 247 — 3. 
We have as consequences of the above definition just as in the 
case of integers, the double modulus p, ¢(.*) being understood, 


throughout. 


fd f(x) = f(4) 
and fo(+) =f,(*), 
then ee 
ii. If f(#) =f,(4) 
and ea a 
then Pt) es ae a). 
iii. If f.(+) =f. (4) 
and F(x) be any polynomial, 
then Fane soy el a) —— 5 ce he os 
iv. If fi(#) =fo(4) 
and Pee SF a 
then eee rie) ia) re). 
and, in particular, 
if f(x) =fr(*), 
then (fF. (4) )* == (fal) )® 
The results corresponding to v, ---, ix, § 1, follow easily. 


§ 20. Unique Factorization Theorem for Polynomials with 
respect to a Prime Modulus. 

We shall now show that a polynomial can be resolved in one 
and but one way with respect to a prime modulus, /, into prime 
factors, considering always associated factors as the same. The 
proof will be closely analogous to that of the corresponding 
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theorem for rational integers. We begin by stating the following 
theorem which is an immediate consequence of the definition of 
divisibility. 

THEOREM 14. Jf f(+) =Q(+)¢o(*)+R(4%), mod p, every 
polynomial that divides, mod p, both f(x) and $(x) divides both 
(x) and R(x), and vice. versa; that is, the common divisors, 
mod p, af f(*) and $(x) are identical with the common divisors, 
mod p, of (x) and R(x). 

By means of this theorem and Th. 13 we can now prove the 
theorem which is the basis of the unique factorization theorem. 


TuHeEoreM 15. I/f f,(*), f(x) be any two polynomials and p 
a rational prime, there exists a common divisor, D(x), mod p, of 
f.(+), fo(#) such that D(x) is divisible, mod p, by every common. 
divisor, mod p, of f,(x«), fo(*), and there exist two polynomials 
$:(*), 2(4*), such that 
fi (+). (*) + f.(+)$.(+) =D(*#), mod p. 
We may evidently assume f,(%) of degree not higher than f,(*). 
Dividing f,(x7) by f.(#), mod p, we can find two polynomials 
Oa). 7,(4), such that 
fi(+) =Q,(*)fo(7) + f5(4), mod p, 
f,(*) being of lower degree than f,(+). 
Dividing f,(+) by f,(*), mod p, we haye 
fo(~) =Q.(*)fa(4) +f.(4), mod p, 


where f,(%) is of lower degree than f,(.°), and similarly 


f,(4) = Q,(+)f,(+) +f,(4), mod p, 


fn-2(#) = OQno(*)fni(4) +fn(%), mod p, 
fns(¥) =Qn4(*)fn(v), mod p, 
a chain of identical congruences in which we must after a finite 


number of steps reach one in which the remainder, Tee (eos 0; 
mod /, since the degrees of the remainders continually decrease. 
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By Th. 14 the common divisors, mod p, of fn(#) and fr_,(+) 
are identical with those of fr_,(¥) and fn..(4), those of fn_,(x), 
fn-2(#) with those of fn_.(+), fn_g(”), and finally those of f,(x), 
fiw) Will those or F.C), 744). 

But fn(*) is a common divisor, mod p, of fn(x) and fn_,(1) 
and is evidently divisible by every common divisor of fn»(x+) and 
fn1(”). UHence f,(+) is the desired common divisor D(*#), mod 
p, of f,(#) and f,(+). 

If now we substitute the value of f,(47) in terms of f,(x), 
f.(#) obtained from the first of these congruences in the second 
and the values of f,(+*) and f,(+) in terms of f,(+), f,(1) in the 
third and continue until the congruence 


fn-o(¥) == Qn2(4)fnr(7) + fn(x), mod p, 


is reached, we shall obtain the congruence 


fi(*)bi(4) + f2(4)b2(4) =D(4+), mod p. 
Cor. If f,(+), fo(x) be two polynomials prime to each other, 
mod p, there exist two polynomials 6,(+), ¢,(x#) such that 


fi(x)o,(1) + fol 4) $o(") 1, mod p. 
In this case D(x) is an integer a not divisible by », and we 
have two polynomials ®,(+*), ®,(4#) such that 


fi(4)®, (4) + f.(4)®, (+) =a, mod f, 


whence, multiplying by the reciprocal of a, mod p, we obtain 


fi(*)o.:(4%) + f2(4)b2(4) =I, mod p. 

It will be noticed that this corollary corresponds to Th. B, 
while Th. 15 corresponds to the corollary to Th. B, the order of 
proof here being reversed. The corollary could have been proved 
first as before.* 

THEOREM 16. If the product of two polynomials, f,(x),f.(*%), 
be divisible, mod p, by a prime polynomial, P(x), at least one of 
the polynomuals, f,(+), f.(*), ts divisible, mod p, by P(x). 

Let fi(+)f2(+) =Q(+)P(+), mod p, 1) 


“Laurent: Theorie des Nombres Ordinaires et Algebriques, p. 120. 
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where Q(*) is a polynomial, and assume f,(%) not divisible, mod 
’, by P(+). Then f,(7) and P(x) are prime, mod p, to each 
other and by the last theorem there exist two polynomials, ¢,(*), 
$,(4+), such that 


fi(7)o:(4) + P(+)¢.(4) =I, mod p. 2) 
Multiplying 2) by f,(7), we have 


fi(*)fo(4)bi(4) + fe(4)P(+) b2(4) =f. (4), mod p, 


and therefore, making use of 1), 


P(x) (Q(*)o1(*) + fo(4)$2(4)) =f. (+), mod p, 


where O(.+)¢,(7) + f.(4)¢2.(%) is a polynomial. Hence f,(+) 
is divisible, mod p, by P(x). Expressed in the double modulus 
notation this theorem is: 

If f(4), fo(#) be any two polynomials and P(x) a prime poly- 
nomial, mod p, and if 


f,(*)f.(+) =o, modd p, P(x), 
then either fi(4) =o, modd ee, 
or f.(~) =o, modd?p, P(+). 


Cor. 1. If the product of any number of polynomials be divis- 
ible, mod p, by a prime polynomial P(x), then at least one of the 
polynomials is divisible, mod p, by P(x). 

Cor. 2. If neither of two polynomials be divisible, mod p, by a 
prime polynomial P(#), their product is not divisible, mod p, 
by P(x). 

THEOREM 17. A polynomial, f(#), can be resolved in one and 
but one way into a product of prime polynomials, mod p. 

Let f() be any polynomial. We shall take f(r) in its reduced 
form, mod #, for the sake of convenience, this assumption in no 
wise limiting the generality of the proof. Let the degree, mod #, 
of f(x) be n. If f(x) be prime, mod f, the theorem is evident. 
If f(x) be not prime, it has a divisor, ¢(%), mod #, and we have 


f (7) =$(4)¥(7), mod p, 
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where ¢(4), ¥(x) are polynomials neither of which is a unit and 
the sum of whose degrees is n. 
If d(.) be not a prime polynomial, mod p, then 


$(+) =$,(4)¥,(x), mod p, 
where ¢,(47), ¥,(4#) are polynomials that are not units and that 
have degrees whose sum is equal to the degree of $(+). 

If ¢,(*%) be not a prime polynomial, mod p, we proceed in the 
same manner and, since the degrees of the factors form a decreas- 
ing series of positive rational integers, we must after a finite 
number of such factorizations reach in the series $(.r), ¢,(%), 
,(*%), --* a prime polynomial P,(1), mod p. We have then 


f (+7) =P,(+)f,(%), mod p. 
Proceeding similarly with f,(#) in case it be not prime, mod f, 
we obtain 


f,(*) =P, (4)f.(4), mod p, 


where P,(..) is prime, mod p, and hence 


f (+) =P,(+)P.(+)f,(4), mod p. 
Continuing this process, we must after a finite number of such 
factorizations reach in the series f(7), f,(*), f,(*),°°: a prime 
polynomial P,(*#), mod p. We have then 
f (7) =P, (4)P2(4) ++: Pn(x), mod , 


where P, (+), P,(*),°*:, Pn(4#) are all prime, mod p; that is, f(+) 
can be resolved, mod f, into a finite number of prime factors. 

It remains to be shown that this resolution is unique. Suppose 
that 


f (4) =Q,(4)Q.(#) --- Qm(+), mod p, 
be a second resolution of f(.) into prime factors, mod p. Then 
P,(4)P,(4) +++ Pa(*) =Q,(4)Q2(4) + Om(%), modp, 3) 
and it follows from Th. 16, Cor. 1 that at least one of the Q(+)’s, 
say Q,(x), is divisible, mod p, by P,(*) and hence is associated, 
mod pf, with P,(x) ; that is, 
Q,(+) =a,P,(+), mod p, 


where a, is a unit, mod p. 
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Dividing 3) by P,(+), mod p, we have 
P,(#) +++ Pa(v) 4,0.(4) + On(¥), mod p. 4) 

From 4) it follows that at least one of the remaining Q()’s 
must be associated, mod fp, with P,(4#). Dividing 4) by P,(.+), 
mod p, and proceeding as before, we see that with each P(.r) 
there is associated, mod #, at least one Q(x) and, if two or more 
P(#)’s are associated, mod , with one another, at least as many 
Q(.«)’s are associated, mod p, with these P(.«)’s and hence with 
one another. 

In exactly the same manner, we can prove that with each Q(1) 
there is associated, mod #, at least one P(x) and, if two or more 
Q(.)’s are associated, mod /, with one another, at least as many 
P(#)’s are associated, mod p, with these Q(.)’s and hence with 
one another. 

Hence, considering two associated factors as the same, the 
resolutions are identical; that is, if in the one resolution there 
occur e factors associated, mod p, with a certain prime polynomial, 
there will be in the other resolution exactly e factors associated, 
mod p, with the same prime polynomial. 

We can now evidently write any polynomial, f(), in the form 


f (©) a(P, (+) )*(P. (4) )*--- (Pax) )%, mod p, 
where P,(7),P.(+),°*:,Pn(+) are the unassociated prime fac- 
tors, mod #, of f(*). 

If we take P,(+),P,(+),:°:,Pa(*%) primary, the resolution is 
absolutely unique. The representations of the greatest common 
divisor and least common multiple given for rational integers are 
easily extended to polynomials. 


§ 21. Resolution of a Polynomial into its Prime Factors with 
respect to a Prime Modulus. 

The resolution of a polynomial, f(#), into its prime factors, 
mod p, may be effected by dividing, mod p, f() by each of the 
prime polynomials of the first degree +, ¥—I,°*',4¥—p+ I1,(p 
being taken positive) in turn until either a polynomial is found 
that divides f(x), or it is determined that f() is divisible by 
none of them. 
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Suppose that f(7) is divisible, mod p, by r—a, and that the 
quotient is f,(4). We proceed in the same way with f,(+) until 
we have found all the prime, mod p, factors of the first degree 
of f(+). 

Suppose that 


f (+) = (*—a,)(#—a,) ++ (v¥—an)f,(¥), mod p, 
where f,(#) has no factor, mod p, of degree lower than the 
second. 

The prime factors, mod p, of the second degree of f,(%) can 
next be determined in the same manner, then those of the third 
degree, etc. In case, however, we do not know the prime, mod fp, 
polynomials of the second degree, we can simply determine 
whether f,(2) is divisible, mod p, by any polynomial of the second 
degree. If it is, such a polynomial is evidently a prime, mod , 
polynomial, for f,(*) contains no factors, mod p, of degree lower 
than the second. The same method can be applied to the deter- 
mination of the prime factors of higher degree. 


§ 22. The General Congruence of the nth Degree in one 
Unknown and with Prime Modulus. 
THEOREM 18. If r be a root of the congruence 
f(x) a,x" + a,x" ++» 4+ a,=20, mod p, r) 
f(x) 1s divisible,mod p, by x —r,and conversely, if f(x) be divis- 
ible, mod p, by x —r,r1s a root of I). 
Dividing, mod p, f(*) by +—7, we have 
f(x) = (*#—1)b(*) + f(r), mod p, 
whence, since 7 is a root of 1), 
f(r) =0, mod f, 
and hence f(x) = (*x#—1r)¢(+), mod p; 
that is, f(4) is divisible, mod p, by r—r. The converse is 
evident. 


If f(x) be prime, mod p, the congruence 1) evidently has no 
roots. The converse is, however, not true; that is, f(*) may be 


*Borel et Drach: p. 36. 
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composite, mod », but 1) have no roots, for the prime, mod #, 
factors of f(*) may all be of higher degree than the first. This 
theorem gives us another method for determining the factors, 
mod ?, of the first degree of any polynomial in x. Some of these 
factors may be alike and we are led therefore to say that r is a 
multiple root of order e of 1), if f(x) be divisible, mod p, by 
(x—r)*, but not by (4—r)*?. 

If therefore 7,,7,,°°:,%m be the incongruent roots of 1) of 
orders €,, €.,°**,@m respectively, we have 


f (©) = (4#—17,)*(4#— 12) % +++ (4 — 1m) "Ff, (4), mod p, 
where f,(+#) is a polynomial having no linear factor, mod p, and 
whose degree, s, is such that 

Qe: teg te temp sn, 
where v is the degree of f(%). 
Counting a multiple root of order e of 1) as e roots, we see that 
1) has exactly as many roots as f(+) has linear factors, mod p, 
and obtain the following important theorem: 


THEOREM 19. The number of roots of the congruence 


f(x) =a, x" + a,x" + --- + a,==0, mod p, 
where p is a prime number, is not greater than its degree. 

Cor. 1. If the number of incongruent roots of a congruence 
with prime modulus be greater than its degree the congruence is 
an identical one. 

Cor. 2. If the congruence 


f(x) =o, aati 2) 


have exactly as many roots as its degree and $(«) be a divisor, 
mod p, of f(x), then the congruence 


o (+) =0, mod f, 
has exactly as many roots as its degree; for 
f (+) =¢(4#)Q(+), mod, 


where Q(x) is a polynomial in x, and every root of the congruence 
2) is a root of either the congruence 


$(«) =0, mod p, 3) 


gO THE RATIONAL REALM—CONGRUENCES. 


or of the congruence 
Q (4+) =0, mod p. 4) 


Moreover, the sum of the degrees of 3) and 4) is equal to the 
degree of 2). If, therefore, ¢(1) had fewer roots than its degree, 
then Q(+) must have more roots than its degree, which is impos- 
sible. Hence the corollary. 


§ 23. The Congruence x?‘ — 1=o0, mod m 

Although in the case of congruences of degree higher than the 
first the theorem just given tells all that we know in general 
regarding the number of their roots, still there is one important 
case in which the number of roots is always exactly equal to the 
degree of the congruence. 


THEOREM 20. The congruence 
vom —_}~ =0, modm, 1) 


has exactly as many roots as tts degree. 

The @(m) integers of a reduced residue system, mod m, evi- 
dently satisfy 1). Moreover, since by §1, ix, two integers con- 
gruent, mod m, have with m the same greatest common divisor, 
and the greatest common divisor of I and m is I, every root of 1) 
must have with m the greatest common divisor 1, that is, be prime 
tom. Hence the number of roots of 1) is exactly equal to (m), 
its degree. 

Ex. The congruence 

xo __ 1 =o, mod 10, 
or w*— I ==0, mod I0, 
has the four roots I, 3,7, and 9. 
Cor. If d be a positive divisor of p—1, the congruence 
v?— 1 =0, mod, 
where p is a prime, has exactly d roots; for «4—1 is a divisor 
of «?1—1 and hence by Th. 19, Cor. 2, we have the corollary. 
Since the congruence 


av? — 7 ==0, mod fp, 
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has the p roots 0, I, 2,---,— 1 equal in number to its degree, we 
have the identical congruence 


x? — x = 4 (4 —1)(4—2) --- (x —p—1), mod p. 
Ex. 2° — 4 ==4(*4 —1) (4 —2) (4 — 3) (4 — 4) ( — 5) ( —6), mod 7. 
§ 24. Wilson’s Theorem. 
The result just obtained gives us a proof of the following inter- 
esting theorem. 


THEOREM 21. If p be a prime number and 1,,1,,°**,recp) be a 
reduced residue system, mod p, then 
11%. °** Tap) + 10, mod p. 
By the previous section we have evidently 
vo) — | = (r—1,)(*—1,) ++: (% — 7c), mod p, 


from which, putting += 0, we have 


tl i ee 
whence, since ¢(/) is even except Wien 7=— 2. 
T,T.°°° Tem) +10, mod #, 
which evidently holds also when p = 2." 

Ex. Let p=5, and take as a reduced residue system, mod 5, the integers 

—2, —1I, 1, 2. Then 
(2) (—1)-1-2+1=>5==0, mod 5. 

This theorem is a particular case of the following more general 
theorem that is due to Gauss.’ 

If 11;%e, > Tecmy be a reduced residue system, mod m, the 
product 147%, °** Tacm) 1S congruent to —1, mod m, when m= 4, 
p" or 2p", where p is an odd prime, and is congruent to I, mod m, 
when m has any other value. 


The two following examples will illustrate this theorem; for 
its proof see references given above. 


Ex. 1. Let m= 3’, and take as a reduced residue system, mod 3’, — 4, 
—2, —I, I, 2, 4; then 
(— 4) (—2) (—1)-1-2-4 = — 64 == — I, mod a 


*See Matthews, § 16, for another proof of this theorem. 
*Gauss: Disq. Arith., Art. 78. Dirichlet-Dedekind: §38. Bachmann: 
Niedere Zahlentheorie, p. 170. Cahen: p. 103. 
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Ex. 2. Let m= 15, and take as a reduced residue system, mod 15, —7, 

— 4, —2, —I, I, 2, 4,7; then 
(—7) (— 4) (—2) (—1)-1-2-4-7 = 3136 ==1, mod 15. 

As a special case of Th. 21 we have the following: | 

If p be a positive prime number and the product of all positive 
integers less than p be increased by 1, the result is divisible by p; 
that is, | 

(p—1)!+ 1=0, mod p. 
The theorem was first stated in this form by Waring in his “ Medi- 
tationes Algebraicae”’ (1770) and ascribed to its author, Sir John 
Wilson. 

The converse of the original form is true; that is, /f the product 
of all positive integers less than a given integer, m, be increased 
by 1 and the result be divisible by m, then m 1s a prime number. 
This is easily seen to be true; for, if m==ab, where neither a nor 
b is a unit, then (m—1)! is divisible by a, whence we have 


(m—1)!+ 1540, modm. 
For example 5!+ 1-121 50, mod6. 


Wilson’s theorem gives therefore an unfailing method for deter- 
mining whether any given integer is a prime number. It is, how- 
ever, obviously of no practical use on account of the immense 
labor of the numerical reckoning when m is large. 


§ 25. Common Roots of Two Congruences. 
The common roots of two congruences 


f,(*) =o0, mod p, and f,(4) =0, mod p, 
are evidently the roots of the congruence 
$(7) =0, mod, 
where ¢(.r) is the greatest common divisor, mod p, of f,(7) and 
f.(x). Since the congruence 
x? — + ==0, mod P, 
has for its roots the numbers of a complete residue system, mod 
p, the incongruent roots of any congruence 


f(4) =9, mod p, 
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will be the roots of the congruence 
o (+) = 0, mod p, 2) 
where ¢(+) is the greatest common divisor, mod p, of 7? —-¥s 
and f(*). This gives us another method of determining all the 
incongruent roots of any given congruence with prime modulus. 
The congruence 2) will always have as many roots as its degree, 
since the congruence I) has as many roots as its degree and ¢() 
is a divisor, mod p, of +? — x. 
Ex. To find the roots of the congruence 
at — 32° — + 2x —6==0, mod 7, 3) 
by the above method, since 0 is not a root of the congruence, we need 
only find the greatest common divisor, mod 7, of #* — 3x#*— 2° + 2x —6 


and +#°—¥1. 
This greatest common divisor is # —3%-+ 2, and the congruence 


x’? — 3x-+2==0, mod 7, 
has the roots 1 and 2, that are therefore the incongruent roots of 3). 
§ 26. Determination of the Multiple Roots of a Congruence 
with Prime Modulus. 
The multiple roots of the congruence 


f(x) =o0, mod, 1) 


may be determined by a method exactly analogous to that em- 
ployed for determining the multiple roots of an algebraic equation. 
Thus let P(#) be a prime function, mod , and let f(+) be divis- 
ible, mod p, by (P(%))¢ but not by (P(+) )*?; then 

f(«) = (P(+))*Q(+), mod p, 
or, what is the same thing, 

f(x) = (P(+))°Q(4) + PF (4), 2) 
where F(x) and Q(#) are polynomials in + and Q() is prime, 
mod p, to P(*#). 

Differentiating 2), we have 


f'(#) = (P(x) )e(eP"(4)O(+) + P(x) O'(x)) + PF (4), 


4 


where P’(x%), Q’(%) and F’(+) are polynomials in +. Hence 


f(x) = (P(x) )¢70, (4), mod p, 
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where Q,() is a polynomial in + and is moreover not divisible, 
mod ~, by P(x), for 
QO, (4) =eP'(x)QO(*) + P(*)Q'(4), 

where P’(4) is of lower degree than P(x) and Q(x) is prime, 
mod p~, to P(x). Therefore f’(%) is divisible, mod p, by the 
prime factor P(.7) exactly once less than f(x) is divisible by 
P(w+). In particular, if f(#) be divisible, mod p, by (x—r)¢, 
but not by (+ —r)¢, then f’(x) is divisible, mod p, by (4 —r)@? 
but not by (+—r)¢. Hence the theorem: 


THEOREM 22. If the congruence 


f (+) =0, mod P, 


have a multiple root r of order e, the congruence 


f' («) =0, mod P, 
has the multiple root r of order e—1. 


If the greatest common divisor, mod p, of f(+*) and f’(x) be 
(+), then the roots of the congruence 


o(+) ==0, mod p, 3) 
if it have any, will be the multiple roots of 1) and each root of 
3) will occur once oftener as a root of 1) than as a root of 3). 

It may happen, of course, that f(#) and f’(4) have a common 
divisor, (4), mod p, and yet 1) has no multiple roots. In this 
case the repeated prime factors, mod p, of f(#) are of higher 
degree than the first, and ¢(7) therefore contains no factor of 
the first degree, mod p. 


Ex. Let the given congruence be 
f (4) = 2x*— x +1==0, mod 5. 4) 
We have f' (4) = 62? —1 = 4° —1, mods, 


and the greatest common divisor, mod 5, of f(x) and f’(*) is r+1. 
The congruence 
# + I1==0, mod 5, 
has the root —1. 
Hence the congruence 4) has two roots —1. Dividing f(x) by (+ +1)? 


we have f(*) 2(*+1)?(*—2), mod 5, 


and see that f(x) has, the third root 2. 
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§ 27. Congruences in One Unknown and with Composite 
Modulus. 
The solution of a congruence of the form 


nia) = ax” + Can -4 ax,6 +a, See O, mod mM, 1) 
where m= M,mM,*** Me, 


M,,M,,°** mz being integers prime each to each, can be reduced to 
the solution of the system of t congruences, 
f(*) =o, modm,, 
f(+) =0, mod™m.,, { 


| 2) 
f(x) =O, mod m+. J 


Every root of 1) is evidently a root of each of the congruences 
2), and conversely any integer, that is simultaneously a root of 
each of the congruences 2), is a root of I). 

If therefore a,,a,,°°*,a@: be roots of the congruences 2) and r 
be chosen so that 


r=a,, mod 1,, 
r=a,, modm,, 


3) 


Bee mod 7712, 
then r is a root of I). 
Since m,, m,, ***, #1, are prime each to each, it is, by §14, always 
possible to find 7 so as to satisfy the conditions 3). 
Let b,, b,,--:, b: be auxiliary integers selected as in § 14; then 


r==a,b, + a,b, +++: + arbt, modm 4) 


is a root of 1), and, if the congruences 2) have respectively 
l,,1,,--+,/¢ incongruent roots, then by §14 1) has /,/,-+-/¢ incon- 
gruent roots, that are obtained by putting in 4) for a,,a,,---,a¢ 
respectively the /,,/,,---,/: roots of the congruences 2). 

In particular, if any one of the congruences 2) have no root, 
then 1) has no root. 


Ex. The solution of the congruence 


x + 32° + 34° + 34 + 2==0, mod 30, 5) 
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can be reduced to the solution of the two congruences 


aft 32° + 347+ 34 -+2==0, mod 6, 6) 
and x + 34° + 327+ 34 + 2==0, mod 5. a 


The roots of 6) are —2, —1I, I, 2 and those of 7) are —2, —2, —I, 2. 
The roots of 5) are then 
a, = — 2, — 1, I, 2. 


r= 25h - 6a2, mod 30. | a. —— 2, — I, 2. 


that cives. a5 tlic roots OF 5), 14,11, 7 tS A 8 1 
If now we suppose m to be resolved into a product of powers 
of its different prime factors, that is, | 
m= Pp. eve . 


where fy, fo, °**, Pr are different primes, then the solution of 1) is 
reduced to the solution of r congruences of the form 


f(«) =0, mod p?. 8) 

We shall now show that the solution of 8) can be made to 
depend upon the solution of the congruence 

f(+) ==0, mod p*, 9) 

where the modulus is a power of p one degree lower than that of 


the modulus of 8), and thus be made to depend eventually upon 
the solution of the congruence 


f(*) =o0, mod #, 


whose modulus is a prime. 

Let +, be a root of 9) ; then all integers of the form +, + p*'y, 
where y is an integer, are roots of 9). Furthermore, since all 
roots of 8) are roots of 9), if 8) have roots they must be of this 


form. 
Putting in 8) be a oe Haan 10) 


we have f (4 + p**y) =0, mod p*, 
or, expanding f(+, + p*"y), 


Fao) +P (20) pety +ELY prety? 4-0, mod p*. 11) 


Since f(4+)) =o0, mod p*", 


*See Example § 14. 
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f(4o) = cp", 


and hence, dividing each term of 11) by p*?, 


we have 


tap x ‘ 
c+ f'(%)y pr perys + -++==0, mod p, 
whence we have 
c+ f'(%))y=0, mod p, 12) 


as a necessary and sufficient condition that y must satisfy in order 
that the root, +, + p*"y, of 9) may also be a root of 8). 

There are three cases to be considered: 

ft f' (%,) #0, mod p, 
there is always one and but one value, y,, of y that satisfies 12) 
and this gives one value only of x, + p*"4, that satisfies 8). 

ii. If f' (x) =0, mod pf, and cs40, mod fp, 
there is no value of y satisfying 12) and hence no value of + of 
the form x, + p*'y satisfying 8) ; that is, 8) has no root. 

iii. If 
then 12) is an identical congruence and consequently 12) has |p| 


solutions, mod p, from which by substitution in 10) we obtain |p| 
solutions of 8).* 


f' (*)) =0, mod pf, and c=o0, mod, 


Ex. The roots of the congruence 
x — 825 + ox’? + ox + 14==0, mods’, 13) 
if any exist, must satisfy the congruence | 
a* — 82° + ox* + ox + 14==0, mod 5, 
whose roots are I and 2, and hence be of the form 
boy Ol. ea) 
Substituting 1+ 5 and 2+ 5y in 13), we obtain respectively 


5+ 7y==0, mods, 14), 

and 4— 19y ==0, mod 5. 15) 
From 14) we have v= 0. Mod 5, 
and from 15) jo 1, mod 5, 


that give 1 and 7 as the roots of 13). 
*See Cahen: pp. 96-103. 
Wi 
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§ 28. Residues of Powers. 

If a be prime to m, and b=a',.mod m, where t is a positive 
integer, b is said to be a power residue of a with respect to the 
modulus m. 

For example, since 4 = 37, mod 5, we say that 4 is a power resi- 
due of 3 with respect to the modulus 5. 

Two power residues of a which are congruent to each other, 
and hence to the same power of a, mod m, are looked upon as 
the same. | 

A system of integers such that every power residue of a,modm, 
ts congruent to one and only one integer of the system, mod m, 1s 
called a complete system of power residues of a with respect to 
the modulus m. 

Ex. Every power of 5 is congruent, mod6, to 1 or 5. Hence 1, 5 


constitute a complete system of power residues of 5, with respect to the 
modulus 6. 


These integers may evidently be selected from among the in- 
tegers of any reduced residue system, mod m. For convenience 
they are usually taken from the system 1, 2,---,|m| and we may 
indeed define a complete system of power residues of a, mod m, 
as being the smallest positive residues that the successive powers 
Oued Ge 1a a0 a oo Oiverwhen Civiaed byaIn. 

The more general definition given above will, however, serve 
our purposes better as it will admit of direct extension to realms 
of higher degree than the first, while the latter does not. 

We shall now investigate certain questions relating to power 
residues, and, in particular, the important one as to when a com- 
plete system of power residues of an integer a, mod m, is also a 
reduced residue system, mod m. 

The following table gives the power residues of all numbers of 
a reduced residue system, mod 13, with respect to this modulus. 
In order to calculate the residue of a*, it is not necessary to raise 
a to the kth power, but only to multiply the residue of a** by a 
and then take the residue of the product with respect to m. 


— ie 
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a°® a) a? a? at a® aé a’ a® a® qio qil aiz 
I I I I I I I I I I I I I 
I 2 4 8 3 6 i II 9 5 10 7 I 
I 3 9 I 3 2 I 3 9 I S 9 I 
I 4 3 12 9 10 I 4 3 12 9 | 10 I 
I bet 12 8 I 5 12 8 I ag ee 3 8 I 
I 6 fo) 8 9 2 12 7 3 5 4 II I 
I 7 fo) 5 9 II 12 6 3 8 4 2 I 
I a ees 2 5 I 8 12 5 I 8 | 12 5 I 
I 9 3 I 9 3 I 9 3 I, 9 3 I 

I 10 9 {42 3 4 I 10 9 12 3 4 I 
I II 4 5 2 3 12 2 9 8 fo) 6 I 
I 12 I 12 I 12 I 12 I 12 I 12 I 


We ask now, what is the smallest value t, of t other than o for 
which we have 
at==1, modm. 
That ta always exists and is <¢(m) is evident from Fermat’s 
theorem, that gives, since a is prime to m, 
ad(m) ==], mod m. 


Giving t, the above meaning, we say that the integer a appertains 
to the exponent ta with respect to the modulus m. We see from 
the table that 


2,6,7, 11 appertain tothe exponent 12; that is, 6(13). 
4,1O0appertain tothe exponent 6 
5, Sappertain totheexponent 4 , mod 13. 
3, Qappertain totheexponent 3 
I2appertains tothe exponent 2 


It is evident that, if a==b, mod m, then a and b appertain to the 
same exponent, mod m. 


THEOREM 23. If the integer a appertain to the exponent ta, 
mod m, then the ta powers of a, 


?2 -1 
I,a,a?,---,a*e ’ I) 


are incongruent each to each, mod m. 
Let a* and a**" be any two of the powers 1). If 


as*r =a’, modm, 2) 
then, since a is prime to m, 


a"==1, modm. 3) 
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But r < tg and hence 3) is impossible, since a appertains to tg. 
Therefore 2) is impossible. 


THEOREM 24. If a appertain to the exponent ta, mod m, any 
two powers of a with positive exponents are congruent or incon- 
gruent to each other, mod m, according as their exponents are 
congruent or incongruent, mod ta. 

Let a*, a: be any two powers of a, s,, s, being positive integers, 
and let 

S$,= Gila tri, S2= estate, 
where q,, gd. are positive integers and 


Os <hla, OS%2< ha 1,572. 4) 
163 qutatr; == aietatra, mod mM, 5) 
then a. =a", mod m, 6) 


whence, since a is prime to m, 

a2 ==1, modm. 
But from 4) we have 

O=s7, —f, < fa, 
and hence, since a appertains to tg, mod m, 
fF. 7) 

Therefore $,=5,, mod ta, 8) 
is a necessary condition for 

a%1 =a, mod m. 9) 


Moreover, from 8) follow in turn 7), 6) and 5). 
Hence 8) is also a sufficient condition for the existence of 9). 
We have therefore 


a®=ate == grte == gQita 
a == qtatl = q2tati ——_ q3tati 


ll Ul 


a? == qtet? == gtat? == gitat? —.-- & modm. 


qta1 == q2ta-1 =e qeta-1 ——— qtta-1 —— : 


This is known as the law of the periodicity of the power resi- 
dues. It can be verified by an examination of the table, p. 99, 
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where we see, for example, that 5 appertains to the exponent 4, 
mod 13, and we have 


i =4= 8=12 
t=5= I=5= 9 

52 == 58 == 510 , mod 13, pe » mod 4. | 
8 e op? a= 3=7=11 


THEOREM 25. The exponent, ta, to which an integer a apper- 
tains with respect to the modulus m, 1s always a divisor of ¢(m).* 


Since ae(m) == |] =a°, modm, 
we have by Th. 24, 
$(m) =0, mod tg. 


THEOREM 26. If two integers, a,, a,, appertain, mod m, to two 
exponents, t,, tp, that are prime to each other, then their product, 
a,a,, appertains, mod m, to the exponent, t,t,. 

Let a,a, appertain, mod m, to an exponent ¢, then 


(a,a,)*==1, modm. 10) 
Raising both members of 10) to the ¢, power, we have 
a,fta,ht==1, mod m. 
But a,t==1, modm, 
and hence a,“1t==1, modm, 


and therefore, since a, appertains to the exponent t,, mod m, t,t 
must be a multiple of ¢, (Th. 24). Whence, since ¢, and ¢, are 
prime to each other, it follows that ¢ is a multiple of ¢,. In like 
manner we can show that ¢ is a multiple of t,. 

Therefore t, being a multiple of ¢, and ¢,, that are prime to each 
other, is a multiple of their product ¢,t,. Hence the smallest pos- 
sible value of ¢ for which 19) will hold is ¢,t,, and a,a, appertains 
to this exponent, mod m. 

Ex. We see from the table, p. 90, that 12 and 3 appertain, mod 13, to 


the exponents 2 and 3 respectively, and that their product 36(== 10, mod 12) 
appertains to the exponent 6. 


Limiting ourselves now to the case in which the modulus is a 


1For a proof of this theorem not dependent upon Fermat’s theorem, 
see Mathews, p. 18. 
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prime number, », we ask whether there are integers appertaining 
to every positive divisor of ¢(p) and, if so, how many. Before 
proving the theorem, that will answer this question in its entirety, 
let us examine the table, p. 99, and see how matters stand when 
ye ia- Phe positive divisors Of o 13) ==12- are 1, 2.37 
and 12. 

I appertains the single integer 1, 2 
To 2 appertains the single integer 12, 
To 3 appertain the two integers 3, 9, |, mod 13. 
To 4 appertain the two integers 5, 8, 


To 6 appertain the two integers 4, 10, 
10%2 appettain: the four integers 2, 6,7, 11, - 


THEOREM 27. To every positive divisor, t, of $(p), there 
appertain (t) integers! with respect to the modulus p. 

Assume that to every positive divisor, t, of d(p), there apper- 
tains at least one integer, a. We shall show that, if this assump- 
tion be true, there appertain to t ¢(t) integers; that is, to every 
positive divisor, t, of ¢(p) there appertain either $(t) integers 
or no integers. Let w(t) denote the number of integers apper- 
taining tot. Each of the integers 


a° =I, a, a’, ---,a*? II) 
is a root of the congruence 
at==1, mod f, I2) 
for, if a” be one of these integers, then 
(a F(a) 1, mod p, 
since at ==1, mod p. 


The integers 11) are moreover by Th. 23 incongruent each 
to each, mod p, and, being ¢ in number, are therefore all the roots 
of 12), since 12) can not have more than ¢ incongruent roots. 
But every integer appertaining to ¢ must evidently be a root of 
12) and we need look therefore only among the integers I1) to 
find all integers appertaining to t. Let a” be any one of the in- 
tegers 11). If a" appertain to f, we must have a’,a°",---, at)" 


1 We, of course, consider only incongruent integers; see p. 99. 
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each incongruent to I, mod p. By Th. 24 the necessary and suff- 
cient condition for this is 


irs£0, modt, 13) 
where 7 runs through the values 1, 2,---,f—-1. In order now that 
13) may hold, we must have r prime to t; for suppose that the 


contrary is true and that d is the greatest common divisor of r 
and t, assuming for convenience d to be positive. We have 


pam Gane ee B6 


and, since ¢, < ¢ and 7 runs through all values from 1 to t—1I, 
one of the values of ¢ will be t, and we shall have for this value 


t,r,d = 0, modi,d; 


that is, 13) does not hold. 

But, since i < t, 13) holds whenever r is prime to ¢t. Hence the 
necessary and sufficient condition that any one, a’, of the integers 
I, a, a?,---, at shall appertain to t, is that its exponent, r, shall be 
prime to t. This condition is fulfilled by $(t) of these integers, 
and we have proved therefore that 


y(t) = either ob) oro: 


We shall now prove that the latter case can never occur. We 
separate the #(p) integers of a reduced residue system, mod /, 
into classes according to the divisor of ¢(~) to which they apper- 
tain; that is, if t,,t,,°-',tn be the positive divisors of (p), we 
put in one class the y(t,) integers of the above system that apper- 
tain to f,, in another class the y(t,) integers that appertain to 
t., etc. It is evident that no integer can belong to two different 
classes and that every integer must belong to some one of these 
classes. 

The integers of a reduced residue system, mod f, being ¢(/) 
in number, we have therefore 


w(t) +Y(te.) + + y(t) =$(P)- 
But by Th. 6, $(p) taking the place of m, we have 


b(t) +$(te) +7 +o(tn) = $(8); 
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whence 


w(t) + y(t.) at ae + (tn) = ¢(t,) + ¢(t,) <i Wis + (tn). 14) 


Since, however, every term in the first member of 14) is equal 
either to the corresponding term in the second member or 0, if 
even a single term in the first member were 0, 14) would not hold. 
Hence no term in the sum y(t,) +y(t,) + --- +W(tn) is o. 


Therefore CG 2 ea 


§ 29. Primitive Roots. 

An integer, that appertains to the exponent ¢(m) with respect 
to the modulus m, is said to be a primitive root of m. 

For example; 2, 6, 7 and I1 appertain, mod 13, to the exponent 
(13), ==12, and are therefore primitive roots of 13. It can be 
shown that such integers exist only when m=2, 4, p" or 2p", 
where fp is an odd prime. We shall discuss however only the 
case where m is a prime number. 

It having been proved in Th. 27 that, if p be a prime, there 
appertain ¢(¢(p)) integers to the exponent ¢(p), mod p, we see 
that p has always ¢(¢(p)) incongruent primitive roots. If r be 
a primitive root of p, then by Th. 23 the ¢(p) powers of r 
r,r?,+:+,7?®) form a reduced residue system, mod p. Hence every 
integer, that is not divisible by p, is congruent to one of these 
powers of r, mod p. This property, upon which depends the use- 
fulness of a primitive root, may be used to define it as follows: 
An integer, a complete system of whose power residues, mod m, 
constitute a reduced residue system, mod m, 1s called a primitive 
root of m. 

Porexainple; 2.2. 2 ee a ee ee ety ey, ae CON 
stitute a reduced residue system, mod 13. Hence 2 is a primitive 
root of 13. 7 

We shall illustrate the advantage of this representation of a 
reduced residue system by a second proof of the generalized form 
of Wilson’s theorem (Th. 21). Let p be an odd prime, r a primi- 


*Gauss: Disq. Arith. Arts. 57-93. Dirichlet-Dedekind: §§ 127-131. 
Bachmann: Elemente der Zahlentheorie, pp. 89-104. Bachmann: Niedere 
Zahlentheorie, pp. 322-348. Mathews: §§ 19-29. Wertheim: §§ 48-60. 
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tive root of p, and q,,q2,°"', gc) any reduced residue system, 
mod p. Since the integers r,7r?,---,r? constitute a reduced 
‘residue system, mod #, each of the g’s must be congruent to some 
one of these powers of 7, mod p; that is, 


0 rt, e) 
Soe) | 

qe ? s amod #; 

° s e 


d (Pp) =r'sp, J 


where /,,1,,°-+, cp) are the numbers 1, 2, --:,¢(p~) in some order. 
Multiplying these congruences together, we have 


W192 4 d (2) ——? aa car ue mod p. 
$(p) 


H+¢6(p)1 Fy 
=7 2 , mod £. 
But ri+$(P) =r, mod p, 
$(p) 
and hence 9:92 °*"796(7) =r 7 , mod p. 1) 


We have also 
rep) — | == (ro P)/2 _ 1) (ro)/2 +. 1) ==0, mod pf, 


and hence, since 
ro (p)/2__ 1 =£0, mod p, 


r being a primitive root of p, 
ro(p)/2 1 7 ==0, mod Pp. 2) 


Therefore from 1) and 2) it follows that 


9192 °** Foc) + 1=0, mod Pp. 
When p= 2, this proof does not hold as ¢(p) is then odd. 


§ 30. Indices. 

If g=r', mod p, r being a primitive root of p and 7 one of the 
numbers 0,1, -::,¢(p) —1I, 7 is said to be the index of q to the 
base r, mod p, and we write i= ind, q, mod p. 


The subscript r is often omitted, in which case it is understood that 
all indices are to be taken to a certain given base. 


The relation of an integer to its index is evidently very similar 
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to that of a number to its logarithm and indices play a part in the 
theory of numbers similar to that of logarithms in arithmetic. It 
can be easily shown that they obey the following laws: 

Let p be the modulus, and r a primitive root of p. 

i. The index of the product of two integers is congruent to the 
sum of the indices of the factors, mod $(p), that is, 


ind, ab =ind,a-+ind,b, mod ¢(p). 


This result can evidently be extended to the product of any 
number of integers ; that is, 
ind, (@,4,°** dn) ==ind, a, + ind-a, +--- + ind,a,, mod ¢(p). 
ii. The index of the nth power of an integer is congruent to n 
times the index of the integer, mod (pf), n being a positive in- 
teger; that is, 


ind, a*==nind,a, mod ¢(p). 
To prove i, from which ii at once follows, let 
ind- dt. Wid; 0 7. ind, G1 


Then a==rh,mod~p, b=r',modp, ab==r',mod pf, 


and hence vr’ ==riitiz, mod p. 
Therefore by Th. 24 1==1,+1,,mod ¢(p); 
that is ind, ab = ind, a- ind, b, mod ¢(p). 


We observe that in every system ind;1=o. By means of the 
following tables, we can verify these results and illustrate the use 
of indices. Table A gives for the modulus 13 the index to the 
base 2 of each integer of a reduced residue system, and Table B 
gives the residue corresponding to any index for the same base 
and modulus. It is evident that two integers congruent to each 
other, mod /, have the same index in any system of indices, mod p. 

Jacobi has given in his Canon Arithmeticus, Berlin, 1839, such tables for 
all primes less than tooo. See also for such tables for all numbers less 
than 100 that have primitive roots Wertheira, Elemente der Zahlentheorie, 


also Cahen for list of primitive roots and tables of indices for every prime 
number less than 200. 
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A. 

Residues te soca 6 es ee etg ts to | ane ao 
index: ic. Oa 4) 2 OS 11 | ci ees eos fer oa eee « 
B. 

Index...... fe) I | 2 | 3 4 5 6 7 | 8 9 | io | ou 
Residue...) 1° | 2 | 4 8 3 Gaia 6 f Ao | 

| | | 


Ex. Using the above tables, where the modulus is 13 and the base 2, 
we have ind25 9, indz:9 —8. 

Therefore ind: 45 = ind: 5 + ind:9==17, mod 12, and hence ind: 45 = 5. 
This result may be verified by observing that 


45 ==. mod 12, 
whence ind: 45 == ind. 6, mod 12; 
that is, ind2 45 = 5. 


We can pass from a system of indices with base 7,, mod p, to 
one with the base 7, and the same modulus by a process similar 
to that employed in passing from one system of logarithms to 
another. 

Let p be the modulus, a any integer not divisible by p, and 


1,==ind,, a, 1,==ind,@, t==ind,, 7. 


Then we have a==r,"1, mod p, 2) 
and also a==r,*2, mod p. 
But r,=r,', mod, 3) 


and hence from 2) and 3) it follows that 

a==r,i4, mod p, 
whence ind, a=1i,, mod¢(?) ; 
that is, ind, a==ind,, %°ind,,a, mod ¢(p). 4) 
Therefore, to obtain a system of indices to the base r, for a given 
modulus p, from one to the base r,, we have only to multiply each 
index of the latter system by ind,,r, and take the smallest positive 


residue of the products with respect to the modulus $(p). 
If r,, 7. be any two primitive roots of p, then 


ind, r,indr, 7, = 1, mod d(p). 


This follows at once from 4) by putting a—r,. 
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Ex. To obtain for the modulus 13 a system of indices to the base 7 
from one to the base 2, we have first to find ind; 2. 


We have ind, 7-ind, 2== I, mod 12, 
and from table A ind. 9 41, 
whence It ind, 2== I, mod 12. 
Therefore Wid. 2 1. | 


Multiplying by 11 each index to the base 2 and taking the least positive 
residues of these products with respect to the modulus 12, we obtain for 
the modulus 13 the following system of indices to the base 7. 


5 6 
: ae ee 

THEOREM 28. If ind,a, mod p, be iand d be the greatest com- 
mon divisor of 1 and p—1, then a appertains to the exponent 


(p—1)/d. 


We have a==r‘t, mod p. 


Residue... r | 2 II 12 


5 6 


4 


7 8 9 10 
10 I 9 4 


We ask what is the smallest value of m for which 
am == mi ==, mod p. 5) 
By Th. 24 we must have 


mt ==0, mod p—I, 


and hence ms = 0, mod f—- ; 6) 
But 1/d is prime to (p—1)/d and (p—1)/d is therefore the 
smallest value of m greater than zero, that will satisfy 6). Hence 
(p—1)/d is the smallest value of m that will satisfy 5); that is, 
a appertains, mod , to the exponent (p—1)/d. 

Cor. If r bea primitive root of p, then the 6(p—1) primitive 
roots of p are those ¢(p—1) incongruent powers of r whose 
exponents are prime to p—TI. 

Ex. One primitive root of 13 is 2. Hence the 4,=¢(12), primitive 
rOOISs Ol 17) are: 2 3°32. 

§ 31. Solution of Congruences by means of Indices. 

If we have a table of indices to any base for a given modulus #, 
we can solve any congruence of the form 
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ax==b, mod ?, I) 

where a is not divisible by p; 
for from 1) it follows that 

ind a + ind xr ==ind b, mod ¢(p), 
which gives 

ind + = ind b —inda, mod ¢(p), 
from which we can determine ind x and then +. 

Ex. From the congruence 


Fi 4, Mod 14, 


we have ind + == ind 4 — ind 7 == 2 — 11==— 9, mod 12. 
Hence ind +4 
and therefore # == 8, mod 13. 


The solution of the congruence 
ax" ==b, mod p, 2) 


where a is not divisible by p, can be reduced by the use of indices 
to the solution of a congruence of the first degree, mod ¢(p). 
For from 2) we have 


inda+nind «=indb, mod ¢(p), 
and hence 


n ind + ==ind b—inda, mod ¢(), aa 


that is, a congruence of the first degree in the unknown ind v. 
By Th. 12 the necessary and sufficient condition that 3) shall be 
solvable is that ind b—®inda shall be divisible by the greatest 
common divisor, d, of m and ¢(p). When this condition is sat- 
isfied 3) gives |d| values of ind x, corresponding to which we find 
|d| values of vr, that satisfy 2) and are incongruent, mod p. 

In the following examples 2 is understood throughout to be the base 
of the system of indices employed, tables A and B being used. 

Ex. 1. From the congruence 

5x" == 4, mod 13, 

we have 7 ind # == ind 4— ind 5 == 2 —9==—7, mod I2. 
whence, upon removal of the factor 7, that is prime to the modulus 12, 


we have ind # ==— I, mod 12. 
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Therefore Hid Fe aT 
and V7, mod )4. 
Ex. 2. From the congruence 
42° ==5, mod 13; 4) 
we have 15 ind = ind 5 — ind 4==9 — 2=7, mod 12. 


The greatest common divisor of 15 and 12 does not divide 7. Hence 4) 
has no roots. 


Ex. 3. From the congruence 
= Sod I 3, 
we have Q ind * = ind 8 == 3, mod 12, 5) 


The greatest common divisor of 9 and 12 is 3 and it divides the second 
member, 3, of 5). Hence 5) has 3 roots, that we find by the method 


Top ype gs Pha iv 


From 5) we have 3 ind 4 —— ft, mod 4, 

whence ind 4 = 3,. mod 4, 

and consequently ids == 4.7, Fh. mod I. 
Therefore Hid 4 = 4. 7, of 41; 

and #% ==8,11, or 7, mod 13. 


§ 32. Binomial Congruences. 

The subject of power residues and in particular that portion 
relating to primitive roots may be treated from another point 
of view, that of the binomial congruence 

4" —1I =0, mod p.? 1) 

We see by § 25 that all roots of 1) are roots of the congruence 

$(+) =0, mod p, 


where ¢(.7) is the greatest common divisor, mod), of +"—1I1 
and »+«?1—1. 
It is easily seen that 


(+) = x14 — I, 
_where d is the positive greatest, common divisor of m and p—lI. 
The congruence 

+" — 1==0, mod, 


*Cahen: p. 77. Bachmann: Niedere Zahlentheorie, p. 318. H. J. S. 
Smith: pp. 140-145. 
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has therefore d incongruent roots, that are the roots of 
v4— ]==0, mod p. 2) 

We can now confine ourselves to congruences of the form 2), 
where d is a divisor of p—1I. 

The roots of 1) fall into two classes, those which satisfy no 
congruence of the same form and of lower degree, these being 
called primitive roots, and those which satisfy congruences of 
this form and of lower degree, these being called imprimi- 
tive roots. 

It is easily seen that every integer that is a root of a con- 
gruence 

xh — 1 =o, mod fp, 3) 


where d, is a divisor of d, is also a root of 2), and conversely that 
every imprimitive root of 2) is the root of a congruence of the 
form 3), where d, is a divisor of d smaller than d. 

The primitive roots of 2) are evidently, in the language of 
power residues, those integers that appertain to the exponent d, 
mod p. They are evidently ¢(d) in number (Th. 27). The 
primitive roots of » are the primitive roots of the congruence 


vP-t—_ | =0, mod p. 


The product of any number of roots of 2) is a root of 2) and, 
in particular, any positive integral power of a root of 2) is a 
foot Of 2}. 

If r be any primitive root of 2), then the d roots of 2) are 
by Th. 23 


I, 7, 72, °°, re, 
If a,,a, be roots of the congruences 
vi — 1 =0, mod P, 3) 
and vz —]==0, mod f, 4) 
respectively, then a,a, is a root of the congruence 
vht— |] ==0, mod p. 5) 


In particular, if a,,a, be primitive roots of 3) and 4) respect- 
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ively and d,,d, be prime to each other, then a,a, is a primitive 
toot of 5) (in. 26): 

The close analogy between the theory of binomial congruences 
and that of binomial equations will be easily seen. 


§ 33. Determination of a Primitive Root of a Given Prime 
Number.* 

The method, which is due to Gauss, depends upon the deter- 
mination of a series of integers each of which appertains to a 
higher exponent with respect to the given prime, p, than any of 
the preceding ones. 

In such a series we must evidently reach an integer which 
appertains to the exponent p—1, mod; that is, which is a 
primitive root of p. 

Take any positive integer, a,, less than p and greater than 1, 
and form a complete system of its power residues, mod p. 

Let us suppose that a, appertains to the exponent ¢,, mod p. 
If t,==~—1, then a, is the primitive root required. 

If t, +p —I, it is evident that none of the power residues of 
a, can be a primitive root of p, for they are the roots of the 
congruence : 

vtt— 1 =0, mod fp, I) 


and hence appertain, mod f, to exponents not greater than f(,. 

Suppose that t;=—-~p—1. We proceed to determine an integer 
appertaining, mod p, to an exponent greater than ¢t,. Select any 
positive integer, a,, less than p and not contained among the 
power residues of a,, mod p, and form a complete system of its 
power residues, mod p. Let t, be the exponent to which a, apper- 
tains, modp. If t,—=p—1I, a, is a primitive root of p and the 
problem is solved. Suppose that t,=-)/—1; then f, can not be 
a divisor of t,, for a, would in that case be a root of the con- 
gruence 1) and hence a power residue of a,, mod, which is 
contrary to our hypothesis. 

If ¢, be a multiple of t, but == p— 1, we have found an integer, 


Gauss: Disq. Arith, Art. 73 Catien: pp. 90-95. Mathews: pp. 20-22. 
H. J. S. Smith: pp. 49-54. 
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a,, appertaining to a higher exponent than a,, mod}, although 
not a primitive root of p. We then select a positive integer less 
than » and not contained among the power residues of a,, form 
its power residues, mod p, and proceed as before. Suppose, how- 
ever, that ¢, is not a multiple of ¢,, and let 7 be the least common 
multiple of t, and ¢,. It-is evident that m is greater than t,, 
since f, is not a divisor of t,. We shall show how to determine 
an integer appertaining to the exponent m, mod p. 

We first resolve m into two factors, m,,m,, prime to each 
other and divisors of ¢, and ¢, respectively. This may be accom- 
plished as follows. | 

Let p, be a prime that occurs to the power e, as a factor of ft, 
and to the power e, as a factor of f,. We take p,%: as a factor of 
m,, or p,% as a factor of m,, according as e, is greater or less 
than e,. If e,=e,, then ~,“ may be taken as a factor of either 
m, or m,. We have then m==m,m,=1t,/d,‘t,/d,, where d,,d, 
are respectively the product of primes that occur in the case of 
d, to a lower power in ¢, than in ¢,, and in the case of d, toa 
lower power in ¢, than in ¢,. 

Consider now the residues, mod), of a,%, and a,#. These 
integers appertain respectively to the exponents t,/d,, t,/d., that 
are prime to each other. 

-Hence their product a,“a,” appertains to the exponent m, that 
is the product of these exponents (Th. 26). 

Ex. To find a primitive root of 157. The power residues of 2, mod 
157, are 

2, 4, 8 16, a2; 64, 128, 99, 4I, 82, 
7, 14, 28, COr 112, cy ae &" idamee § 3S 65, 130, 
103, 49, 98 39 78 156, 
—2, —4, —8, —16, —32, —64, —128, —99, —4I, — 82, 
—7, —14, —28, —56, —112, —67, —134,— III, —65, — 130, 
103, —A9, —-98, —-30,; —78, —150 mel. : 
The work is shortened by observing that the residue of 2” is —1, and 
consequently the remaining 26 residues are the negatives of the first 26. 
We see that 2 appertains to the exponent 52, mod157. The integer 3, 
not being contained among the residues of 2, we form its power residues, 


mod 157, and find that it appertains to the exponent 78. 
8 


26 
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We have Lo nll 
and 75 = 2-3-1: 


The least common multiple of 52 and 78 is 156, that can be resolved into 
two factors prime to each other and divisors of 52 and 78 respectively. 


hoe Ke ape es oe eee 
Thus 156-— 13 *< . mre = 


The integers 2% and 3° appertain to the exponents 5 and be respectively, 
and hence their product 2”3? appertains to the exponent 156; that is, 
23” is a primitive root of 157. But we have seen that 


2° —— 28, mod 157. 
Hence 2.3? == 28-9 == 252 =§5, mod 157. 
We have therefore 55 as a primitive root of 157. 


We could have resolved 156 in another way, since 13 occurs to the same 
power in 52 and 78. 


B33 > 52 
er Cee eae 


78 


Thus ic — 


x 


2?- 13 
I 


Then 2 and 3° appertain to the exponents 52 and 3 respectively, and 
their product 2-3% appertains to the exponent 156; that is, 2-3" is a 
primitive root of 157. 


We have Bat ag oes oe 131, mod 157, 


and hence 131 1s a primitive root of 157. For this example and a table of 
the power residues of 55, mod 157, see Cahen: pp. 92, 93. 


§ 34. The Congruence x"=b, modp. Euler’s Criterion. 
The congruence 
a,+" = b,, mod p, 


where a, is not divisible by p, can always be reduced to the form 
4+" =b, mod pf, 


and in this form it has a special interest. In what follows we 


consider 
b==0, mod Pp. 


From what has been said in § 31, the truth of the following 
theorem is at once evident. 


THEOREM 29. The necessary and sufficient condition that the 


congruence 4"=b, mod p, rt) 
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shall be solvable, is that indb shall be divisible by the greatest 
common divisor, d, of n and d(p); this condition being satisfied 
the congruence has exactly |d| incongruent roots. 

See S qi, bx. 3. 

Since ind b varies with the primitive root taken as base of 
the system of indices used, this condition for the solvability of 
I) appears to depend upon the primitive root selected. 

It is evident, however, that in reality the solvability of 1) is 
in no way dependent upon this selection, and it must be possible 
therefore to find a criterion for the solvability of this congruence 
that is independent of indices. 

Such a criterion is that first given by Euler and known as 
Euler’s criterion. It is contained in the following theorem. 


THEOREM 30. If d be the positive greatest common divisor 
of n and o(p), the necessary and sufficient condition that the 


congruence 1"==b, mod p, 2) 
shall be solvableis  b¢/4==17, mod p. = 


This condition being satisfied, the congruence has exactly d incon- 
gruent roots. 
Let r be any primitive root of p, and let 


ind, a — 
Suppose 2) to be solvable, then c is divisible by d. 
Let C= ie. 
Then b==r™4, mod p, 
and be p)/d = 7" p(P), mod p, 
whence be ‘p)/4 == J, mod p. 


Therefore 3) is a necessary condition for the solvability of 2). 
Conversely, if b satisfy 3), the index of b in every system of 
indices, mod p, must be divisible by d; for, if 
=r’, mod p, 


then bo (p)/d == rep p)/d, mod p, 
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and hence rep p)/d =, mod p. 


Since 7, being a primitive root of p, appertains to the exponent 
o(p), cb(p)/d must be divisible by ¢(p). 

Therefore c/d is an integer; that is, c is divisible by d. Hence 
3) is a sufficient as well as necessary condition for the solvability 
of 2). That the congruence when solvable has d roots is evident 
from the preceding paragraph. 

All incongruent integers b, for which the congruence 2) is 
solvable may be obtained by observing that they are the roots of 
the congruence 

x p)/4 == 1, mod p. 4) 


This congruence has ¢(p~)/d incongruent roots, since ¢(~)/d 
is a divisor of ¢(p). These roots are the incongruent, mod f, 
values of 6 for which 2) is solvable. Such numbers congruent 
to the nth power of an integer, mod #, are called the n-ic resi- 
dues of p, and we have the following theorem. 


THEOREM 31. The number of incongruent n-ic residues, — 
mod p,1s o(p)/d, where d ts the positive greatest common divisor 
of n and $(p), and these residues are the roots of the congruence 


xp) /d == 7, mod p. 
Thus, if p== 7, we have for 
n== 2,3 incongruent quadratic residues of 7, 
n= 3,2 incongruent cubic residues of 7, 


n= 4,3 incongruent biquadratic residues of 7, 


n=5,6 incongruent quintic residues of 7, 
n==6,I1 incongruent sextic residue of 7, 
and so on. 


We may obtain the above results and also the residues them- 
selves by raising each number of a reduced residue system, mod p, 
to the mth power and determining the number of the reduced 
residue system to which each of these nth powers is congruent, 
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modp. Thus for p=7, we take as a reduced residue system 
I, 2, 3, 4, 5, 6, and have for 


N==2, I?=S=1, 2?==4, 3°=2, 4°? =—2, 5° = 4, 6? =I, ) 
N= 3, == 1, 2°=1, 3° =6, 4°=1, 5°=6, 6° =6, 
n=4, I*S=1, 24*== 2, 3*= 4, 4*=4, 5*=2, O*==1, bmod 7. 
n==5, DS 1, P= 4, 37° =5, 4 =—2, 5° =3, =, 
A—O0, Teal, 292-1, GI, Ao, 50 eel, OF eer, | 


Hence the incongruent quadratic residues of 7 are I, 2 and 4, 
the cubic residues 1 and 6, the biquadratic residues 1, 2 and 4, the 
quintic residues I, 2, 3, 4, 5 and 6, the sextic residue 1. 

An integer is therefore a quadratic residue of 7 when and only 
when it is congruent to one of the integers 1, 2, 4, mod7, and 
likewise for the other values of n. 

In the next chapter we shall discuss fully the subject of quad- 
ratic residues. 

Investigations concerning the properties of cubic and biquad- 
ratic residues have led to important developments in the theory 
of numbers, that will be noticed later. 


EXAMPLES. 


1. Show that +!*— 4 is divisible by 2730, + being any integer. 


2. If x be a prime greater than 13, +’*— 1 is divisible by 21840. 
p(p—1) 
ale 


3. If p be a prime and a prime to #, then either a —tIor 


p(p—1) 
@ * +1 is divisible by p?. 
4. No number of the form m+ 4 except 5 is prime. 
5. The product of numbers of the form mx --1 is a number 
of the same form. 
6. The cube of any integer not divisible by 3 is congruent to 


+ I, modg. 

7. Solve the congruences 
a) x®— 8r+ 1==0, mods. 
b) vt +6r3— 8r?+134-+ 5==0, mod7. 
c) xt + 2r8— 1347+ 54 -+ 13 ==0, mod Ii. 


8. The congruence 
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81° + grt — 3xv + 3x? + 34 +60, mod7, 
has a multiple root; solve the congruence. 
9g. Solve the system of congruences 


B74 ote 
2v-+3y+ 42+ 5u= 8 
v+s5y+ 62+ 2u= I 


7* — 3V — 102 + 2u == 10 


bs mod 15. 


10. Solve the congruence 

av — 8rt + 543 — 547 + 41 + 3=0, mod 27. 
II. Solve the congruence 

av — 6x1* + 81° — 42? -+ 77 + 2=0, mod 20. 


12. Prove Th. 30 without the use of indices. 
13. Find the prime polynomials of the third degree, mod 5. 
14. If a appertain to the exponent tg, mod p, then 


I+a+a’?+---+at~1=0, mod f, 
(Gauss: Disq. Arith., Art. 79.) 

15. The product of all incongruent primitive roots, mod f, is 
congruent to I, mod p, except when p = 3. (Ibid.: Art. 80.) 

16. If 7,,72,°°*,17gcm) be a reduced residue system, mod m, then 
all primes are contained in the forms 

km + 45, km-+-1,, -++, kt + recm). 

17. If p be a prime of the form 4n—1 and a appertain, mod p, 
to the exponent (p—1)/2, then —a is primitive root of p. 

18. Use theorem in Ex. 17 to determine a primitive root of 191. 
(Cahen: p. 94.) 

19. Determine a primitive root of 73 (Gauss: Disq. Arith., 
Art. 74), also one of 97 (Mathews: p. 20). 

20. If p be a prime and.7,,7,,°--,7gcp) a reduced residue sys- 
tem, mod p, every rational integral symmetric function of the 
r’s, whose degree is not a multiple of ¢(p), is divisible by p. 
(Cahen: p. 109.) 

21. Solve the congruences 


a) x% == 3, mod13.¢) & ? 
b) x°==10, mod 13. 
~ nu 


ol : 
* _ < eee 

ge re - | 

hee LA. J ; 


~ ~~, 


CHOAPTER lV. 


THE RATIONAL REALM. 
QUADRATIC RESIDUES.? 
§1. The General Congruence of the Second Degree with One 
Unknown. 


The most general congruence of the second degree with one 
unknown has the form 


ax? + bx + c==0, modm. 1) 
We have seen (Chap. III, § 27) that the solution of 1) when m 
is a composite number can be reduced to the solution of a system 
of congruences of the same form but with prime moduli. We 
shall therefore confine ourselves to the case in which m is a prime 
number, ~, and furthermore, since for p==2 the congruence is 
easily solvable by trial, we shall suppose p odd. 

We consider then the congruence | 


ax? + bx + c¢==0, mod f, 2) 
where a is not divisible by the odd prime #, for if it were, the con- 
gruence would not be of the second degree. Multiplying 2) by 
the reciprocal, a,, mod p, of a, we obtain the congruence 

a? + a,bx + a,c =0, mod Pp. 3) 
If now the coefficient of in 3) be not even, we make it so by 


putting a,b-+ p for a,b. Having done this, if necessary, 3) is 
transformed into the equivalent congruence 


a? + 2b,4 + ¢c,=0, mod Pp. 4) 
Adding b,? to both members of 4), we obtain ° 
(x = b,)?=5),?—c,, mod Pp, 
or putting a + b,=z2, mod p, 5) 


b,?— c, =d, mod p, 


Gauss: Disq. Arith., pp. 73-119. Wertheim: pp. 170-236. Cahen: pp. 
113-143. Bachmann: Niedere Zahlentheorie: pp. 180-317. Dirichlet- 
Dedekind: pp. 75-127. 
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we see that the solution of 2) can be reduced to the solution of a 
binominal congruence 
2? =d, mod p. 6) 


If d==0, mod #, 7) 


the congruence 6) has either no roots or two incongruent roots, 
for if r be a root, then —,7 is also a root, and if 


== —r, mod p, 
then 2r =0, mod f, 
and hence r==0, mod, 


which is impossible from 7). 

The solutions of 4), or what is the same thing 3), being con- 
nected with those of 6) by the relation 5), we see that 4) has two 
incongruent roots or no roots according as 6) has two incon- 
gruent or no roots. 

If d ==0, mod #, 


then 6) has the two equal roots 
2==0, mod f, 


and 4) has the two equal roots? 
aa b,, mod p, 


x? + 2b,*%-+c, being a perfect square, mod ~. The solutions in 
the case of equal roots being obvious, we shall exclude this case 
and confine ourselves therefore to the consideration of binomial 
congruences of the form 6), where 


d==0, mod p. 


The analogy shown here between quadratic equations and congruences 
of the same degree with prime modulus should be noticed, the vanishing 
of the discriminant b?—4ac of ax*+bx+c being in the one case the 
condition that the equation 


ax’ t+ b*e+c=o, 


shall have equal roots, and the divisibility of b?—4ac by the modulus 
being in the other case the condition that the congruence 


* Wertheim: p. 170. 
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ax’? + bx +c=0, mod p, 
shall have equal roots. 


nx, Let 5«° — lly — 12==0, mod 23, 


be the proposed congruence. Multiplying it by 14, the reciprocal, mod 
23, of 5, we obtain the equivalent congruence. 


70x — 154% — 168 ==0, mod 23, 


or x’ — 164 —7==0, mod 23, 

or (+ —8)* =2, mod 23. 

Putting «—8==2, mod 23, 8) 
we have 2 == 2, mod 23, 

which has the roots 2==5 or —5, mod 23. 


These substituted in 8) give the two roots of the original congruence 
£ == 13 or 3, mod 23. 
$2. Quadratic Residues and Non-residues. 
An integer, a, prime to the modulus m, is said to be a quadratic 
residue or non-residue of m, according as the congruence 


+? =a, mod m, 


has or has not roots; that is, a is said to be a quadratic residue of 
m, if it be a residue, mod m, of some square number, and a quad- 
ratic non-residue of m, if it be a residue, mod m, of no square 
number. 

Ex. 1. The congruence 2#°==2, mod7, 
has the roots 3 and — 3; hence 2 is a quadratic residue of 7. 

Ex. 2. The congruence #’==5, mod7, 
has no roots, as may be seen by trying the integers —3, —2, —I, 
0, I, 2, 3 (also see Chap. III, § 34); hence 5 is a quadratic non-residue 
Of: 7. 

If there be no danger of misunderstanding, the word quadratic 
is omitted. The behavior of the integer a in this relation is called 
its quadratic character with respect to the modulus m. It is evi- 
dent that all integers belonging to the same residue class, mod m, 
have the same quadratic character with respect to m. We have 
now two principal questions to answer concerning the. congruence 


x? =a, mod m. 


y 
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I. What integers are quadratic residues of a given modulus m? 

II. Of what moduli is a given integer, a, a quadratic residue? 

We shall confine ourselves now to the case in which m is a 
prime, ~. Furthermore, we may suppose / to be odd, since the 
case p = 2 is at once disposed of by observing that all odd integers 
are quadratic residues of 2, and all even integers, being not prime 
to 2, are excluded from consideration. For convenience, we also 
suppose p to be positive. 

We have as a special case of Th. 30, Chap. III, the following: 


Euler's Criterion. 

THEOREM I. The necessary and sufficient condition that a shall 

be a quadratic residue of p; that 1s, that the congruence 
x? =a, mod P, 
shall have roots, 1s a‘?-1)/2 ==1, mod p. 

Cor. 1. The integer a 1s a quadratic residue or non-residue of 

p according as we have 
a?-1)/2 = 1, or —1, modp; 

for since a@-! — 1] =o, mod f, 
then (a‘P-1)/2__ 1) (a-1)/2 + ~) =0, mod p; 
whence it follows that either 

a®-1)/2__ 7 ==0, mod #, 
or a-1)/2 1 1==0, mod p. 
Therefore if a-?/? ==1, mod #, a is a quadratic residue of p, and 
if a‘P-1)/2 ==], mod f, a is a quadratic non-residue of p. 

Cor. 2. The product of two quadratic residues or of two quad- 
ratic non-residues of p is a quadratic residue of p, and the product 
of a quadratic residue and a quadratic non-residue of p is a quad- 
ratic non-residue of p. 

Let a,,a, be quadratic residues, and a,, a, quadratic non-residues 
of p. | 

Then since a,®-)/2 == 1, mod A, 
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and a,?-1)/2 ==}, mod p, 
it follows that (a,a,) 1/2 == 1, mod p. 


Hence a,a, is a quadratic residue of p. 


Since a, P-)/2 ==-_ 1, mod , 
and a,‘?-))/2 ==—_ 1, mod p, 
it follows that (a,a,) ®-/2 == 1, mod p. 


Hence a,a, is a quadratic residue of p. 


Since a, ‘?-1)/2 == 1, mod p, 
and a, ‘?-1)/2 ==_ 1, mod f, 
it follows that (a,a,) ®-)/2 ==— J, mod p. 


Hence a,a, is a quadratic non-residue of fp. From Cor. 2 follows 
at once: 

Cor. 3. The product of several integers is a quadratic residue 
or non-residue of p, according as an even or odd number of the 
integers are quadratic non-residues of p. 

It is therefore only necessary to be able to determine the quad- 
ratic character of all prime numbers with respect to any modulus p. 


De dian € #* == 3, mod 13. 1) 
We have a 2 er mond, 

Hence 3 is a quadratic residue of 13, the roots of 1) being 4 and —4q. 
Eto: x’ == 7, mod 13. 


We have 7iB-v 2 — (7°)§ — (—3)*==— 1, mod 13. 


Hence 7 is a quadratic non-residue of 13. 
We can verify the result by substituting the numbers, +1, +2, + 3, 
eos 6 which, give 


1557 9987 27 : mod 13. 
4547 16547 36547 

This also follows from the fact that ind. 7, mod 13, is not divisible by 2. 

Ex. Since 74 Wont, TY | 


and 3 is a residue of 13, and 7 a non-residue of 13, 21 is by Cor. 2 a non- 
residue of 13, which is verified by 


210%) 7 — (—5)°, mod 13, 
= ((— 5)?)* = (—1)* ==— I. mod 13. 
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§ 3. Determination of the Quadratic Residues and Non- 
residues of a Given Odd Prime Modulus. 


THEOREM 2. If p be an odd prime, one half the integers of a 
reduced residue system, mod p, are quadratic residues of p, and 
the other half non-residues. 

First Proof: 

Take as a reduced residue system, mod ), the integers 


ie Aum tee dears oe 1 Ni ame iy dems 1) 
2 2 ’ , ’ ) 2 2 
The squares of the integers 
LS 
ee arene 2) 


are incongruent each to each, mod /, for if (p—r)/2 and 
(p—s)/2 be any two of these integers, r and s being integers 
of the series 1, 3,---;/— 2, and unequal, and 


(5 )= (C5) mse 


then ($7445 \e--*#) =o mod f, 


2 2 2 2 
whence either p mn z au . = 0, mod £, 3) 
Le 
or 2 2 = O, mod £, 4) 


Both 3) and 4) are, however, impossible, since (P—vr)/2 and 
(p—s)/2 are unequal and both positive and less than p/2. 

The squares of the $(p—1) integers 2) give, therefore, 4(p—1) 
incongruent residues, mod /, and these are all the incongruent 
quadratic residues of p, for the squares of the remaining integers 
of 1) give evidently the same residues. 

Hence the theorem. 


f. 
> 

in 
> 


Nal 
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Second Proof: 
Let r be a primitive root of p. Then 


at ete coe = 
ee ier a. A desi 


is a reduced residue system, mod p. 

From Chap. III, Th. 29, it follows at once that every power of 
r with an even exponent is a residue of p, and every power of r 
with an odd exponent is a non-residue. 

Hence there are 4(P—1) residues of p and $(p—1) non- 
residues of /. 

We can express this also by saying that those of the integers of 
a reduced residue system which have even indices are residues of 
p, while those which have odd indices are non-residues. The 
residues of any prime for which we have a table of indices can 
evidently be easily thus determined. 

Th. 1, Cor. 3, can be deduced from the second proof given 
above in a very elegant manner; for if 


C= 2-0. a 


then ind a= inda, +inda,+---+inda,, mod ¢(p), 
and hence, since ¢(p) is even, inda is odd or even according as 
ind a, + inda, + ---+ inda, is odd or even. But inda, + inda, 
+ +++ + ind a@,,and hence ind a, is odd or even according as an odd 
or even number of the indices of a,,a,,°::,@n are odd. Hence a 
is a quadratic residue or non-residue of p according as an even or 
odd number of its factors a,,a,,°**,@n are quadratic non-residues 
of D. 

We can now answer fully the first of our two questions con- 
cerning the congruence 

4? =a, mod p, 


where # is an odd prime; for suppose that we have any reduced 
residue system, mod #, and that those residues of this system 
which are quadratic residues of p, are 7,12, °°*,743¢(p) and those 
which are quadratic non-residues of p are mm, M2, °°, My¢(p), this 
having been determined by any of the methods given above. Then 
all those and only those integers included in the forms 


kp +1,, kp om Pasnt’s kp + 1 46(p) 
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are quadratic residues of p, and all and only those integers included 


in the forms kp-+n,, kp+n,,---, kp + nigcp) 
are quadratic non-residues of p, k taking all integral values. 
Ex. 1. Let p= 17, and take as a reduced residue system, 
— 8, ug E — 6, = oy et ts es ag I, 2, 3, 4, 5; 6, 7) 8 
We have 
(2 1)*S=1, (+ 3)?== 9, ($5)? == 8, (£7)? == 15, 
Gar: 2 (= 2 ye 16, c= O =—2, (Gea) ee a mien me 


Hence I, 2, 4, 8, 9, 13, 15, 16 are the incongruent quadratic residues 
of 17, and all those and only those integers which are included in the forms 
I7k +1, 17k -+-2, 17k + 4, 17k +8, 17k +9, 17k + 13, 17k +15, 17k + 16, 
are quadratic residues of 17. 

The incongruent quadratic non-residues of 17 are 

3, 5» 6, 7) 10, Il, I2, 14, 


and hence all and only those integers which are included in the forms 
Rye ote 5) 7h 0, We 7, 7k a 10, Ir al, 17 12, Ark 
are quadratic non-residues of 17. 


Exo: bet eed oe 


From table. A, Chap. IV, § 30, we see that the indices of 1, 3, 4,.9, 
Io and 12 are even, and the indices of 2, 5, 6, 7, 8 and 11 are odd. 

Hence I, 3, 4, 9, 10 and 12 are the incongruent quadratic residues of 
13, and 2, 5, 6, 7, 8, and 11 are the incongruent quadratic non-residues 
rep ae Gc 2 

We see then, as above, that the quadratic residues of 13 are integers 
of the forms 


13k +1, 13k+3, 13k +4, 138 +9, 13% + 10, 13% + 12, 


and the quadratic non-residues of 13 of the forms 


13k +2, 13k +5, 13k +6, 13k+7, 13k +8, 13k+11. 
We have now answered fully the first question concerning the 


congruence x? =a, mod p; 


that is, we are able, as shown in the two examples above, to give 
for any value of p a finite system of forms, kp +r, where r is a 
known integer and k any integer, such that all and only those 
integers obtained from these forms by letting k take all integral 
values, are quadratic residues of p. 

A similar series of forms may, as was shown above, be given 
for the non-residues of /. 
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Before considering the second question, that is, of what odd 
prime moduli is @ a quadratic residue, we shall introduce a sym- 
bolic notation which will greatly simplify the discussion. 


§ 4. Legendre’s Symbol. 

The quadratic character of an integer a with respect to a prime 
p, can be expressed in a very convenient manner by means of the 
following symbol introduced by Legendre. 

Let (a/p) denote + 1 or —1, according as‘a is a quadratic 
residue or non-residue of p; that is, (a@/p) ==1 denotes that a 
is a quadratic residue of p and (a/p) ==—1I denotes that a is a 
quadratic non-residue of ». In what follows, p is assumed first 
of all to be odd, and secondly, for the sake of convenience, posi- 
tive. This last assumption is not necessary, but simply to avoid 
the trouble of writing || when the absolute value of p is to be 
taken. Combining this with Euler’s criterion, we see that 


expresses the quadratic character of a, with respect to p. 
From Th. 1, Cor. 3, it is evident that 


°3)-G)0)-G) 


If | a= 5b, mod £, 
then 


Also 


()= (3) Ga) 4) =» 


denotes that the quadratic character of a with respect to p is the 
same as the quadratic character of b with respect to p, and 


(3) ~~ (3): er) G) =» 
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denotes that the quadratic character of a with respect to p is 
opposite to the quadratic character of b with respect to /p. 
it a— ka,, then since (k7/p)—— 7, 


G)-G)G)=G) 


In determining the value of (a/p) we may therefore suppose 
all square factors to have been removed from a. 


§5. Determination of the Odd Prime Moduli of which a 
Given Integer is a Quadratic Residue. 

To answer the second question: of what odd prime moduli is a 
a quadratic residue, of what a non-residue, we notice first that if 


G=== 192°" Ans 


where q;,Q2,°'*,;Qn are the positive prime factors of a we have 


= Cr )G)G)G) 
PJ I I? p 
Hence (a/p) ==1 or —1 according as an even or an odd number 
of the symbols (+ 1/)), (q,/f),°**, (qn/p) have tue value --1; 
that is, a will be a quadratic residue of all pr’mes of ‘vhich an 
even number or none of the factors + 1, q,, ---,qnu.¢ nvil-residues. 
To determine for what values of p the value of (a/p) is 1, for 
what —TI, it is therefore only necessary to determine for what 
values of p the value of each of the symbols in the second member 
of 1) is +1, for what —1. The problem may be reduced there- 
fore to the following three simpler ones: 

To determine 

1. Of what oud prime moduli —1 is a quadratic residue? 

2. Of what odd prime moduli 2 is a quadratic residue? 

3. Of what odd prime moduli is another positive odd* prime 
a quadratic residue? 

§ 6. Prime Moduli of which —1 is a Quadratic Residue. 

By trial —1 is seen to be a residue of 5, 13, 17, 29 and a non- . 
residue of 3,7, II, 19, 23, and we are led by induction to the fol- 
lowing theorem: 


* Primary prime. See p. 193. 
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THEOREM 3. The unit — 1 1s a quadratic residue of all positive 
primes of the form 4n-+-1 and a quadratic non-residue of all 
positive primes of the form 4n — I.” 

We have (§ 4) 


oh aes 
pa (— 1) d #, 
(=) (—1)*, mod p 


whence, since (—1)@-/2—1 or —I, 


Gp) 


Now ? has either the form 4n + 1 or 4n —1, and it is easily seen 


that when p=4n-+1, (—1)e%/7%=—1, 
and when p=4n—1, (—1)0P7F>=—]1, 
— | 
Therefore (=) = 1 when p=qn-+1, 
— I 
and (=)=-: when p= 4n —I. 
| 4 

Ex. 1. We have (—1/13) =I since 13=4-3-+1; that is, the con- 
gruence x” == — I, mod 73, 
has roots. These roots are easily seen to be 5 and —5. 

Ex. 2. We have (—1/23) =—JI, since 23=4-6—1I13s that is, the 
congruence x’? == — 1, mod 23, 


has no roots; a result easily verified. 


§ 7. Determination of a root of the congruence x” == — 1, mod 
p, (p= 4n +1) by means of Wilson’s Theorem. 
Write down the following congruences, which are evidently true: 


2n + I ==—- 2n, mod p, 
an +. 2==— (2n—1), mod f, 


an + 3==— (2n—2), modf, 


4n ==— I, mod, 
* First given by Fermat; first proved by Euler. 
9 
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and the identical congruence 
(2n) !== (2n) !, mod p. 
Multiplying these congruences together, we obtain 


(4n) !== (—1)2"[ (an) !]2, mod p, 


or (p—1)!= | (2) |, mod f, 


But by Wilson’s Theorem 


(p—1)!==—1, mod #, 
nian 2 
whence | (45-) | = — I, mod f, 
and therefore = (A>) i-mod 7; 
is a root of +? ==— 1, mod p. 


Ex. By the above theorem the congruence 


x? == — I, mod 13, 
has a root t= $=")! =a 6lees, mod 13; 
that is, 5° ==— I, mod 13. 


§ 8. Gauss’s Lemma. 
The following theorem known as Gauss’s Lemma, will enable 
us to determine (2/p) and (q/p). 


TueorEM 4. If m be any integer not divisible by p and tf 
among the residues of smallest absolute value, mod p, of the 
products Im, 2m, 3m, --:, 4(p—1)m, there be an even number 
of negative ones, m is a quadratic residue of p, if an odd number, 
m is a quadratic non-residue ; that ts, if p be the number of nega- 
tive residues, (m/p) = (—1)#. 

We shall illustrate the content of this theorem by a numerical 
example. 

Let p=13 and m= 3. The residues of smallest absolute 
value, mod 13, of the integers 


3: 6, 0, 12, 15,15 


are 3> 6, 4s mie ee 5; 
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two of which are negative. Hence 3 is a residue of 13; that is, 


el weer 


This is seen to be true since the congruence 
é | 


4? == 3, mod 13, 
has the roots 4 and — 4. 
To prove the theorem we proceed as follows: 
Since m is prime to p, the (p—1)/2 multiples of m 


Vf 27 


p—i 
Sp I ) 
are incongruent each to each, mod p. Their residues of smallest 
absolute value, mod p, are therefore different integers of the 
system 
| dime Ny ores. | eee ee a 


a i ea ’ me ee ute tee, ’ 


2 2 2 2 


Those which are positive and belong therefore to the system 


P=! 
Deg ’ 2) 
2 


we shall denote by b,,5,,°::,b,. Those which are negative, and 
belong therefore to the system 


we shall denote by —a,,—a,, ---,—a,. 
Evidently a,,@,,°**,a@, belong to the system 2). Moreover 


—I 
A+ yp an : 
We shall now prove that 


Q,,Q,,°**, A, b,, b,, su UN 
are the integers 
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-in some order. To do this it will be sufficient to show that no 
two of these integers are congruent to each other, mod p. It is 
evident that no two a’s are congruent to each other, mod #, and 
the same is true of the b’s. Also no a is congruent to a b, mod p. 
For if a; =b,;, mod p, 
and if hm and km be the integers of 1), of which —a; and ); 
are the residues of smallest absolute value, mod #, then 

— hm =km, mod pf, 
and hence (h+k)m=0, mod p, 
which is impossible, for m being prime to ~, and h and k both 
positive and < p/2, neither of the factors m or h-+ Bk is divisible 
by p. Therefore the (p— 1) /2 integers, 


A, Qg,°**, Aus Oe ee oes b,, 


are incongruent each to each, mod #, and being, moreover, all posi- 
tive and < ~/2, must be the integers 


in some order. 
Since — a,,— 4,,°**, —@ 


are residues of 


—I 
Im, 27M, 3101, - es re ag mod f, 
we have 
p-i 2 
I°-2--- —-—_ mM 2 = ( —_— 1)"2,a, SOG a,0,0, aie b,, mod Pp: 


whence, since 


and this product is prime to p, we have 


Pak 
m > =(—1)*, mod g. 
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But 


and (—1I)*=I1 or—I. 


Therefore 
mm 
— oe — /I pa 
(5 ) ) 


_We call » Gauss’s Characteristic. 


ere 


§9. Prime Moduli of which 2 is a Quadratic Residue. 
We see by any one of the several methods given, that 2 is a 


‘residue of the primes TA 7oes. 3b lA. 


which are of the form 8 + 1, and a non-residue of the primes 


3, 5, II, 13, 19, 29, 37; 
which are of the form 8” + 3. 


Now every odd prime is of the one or the other of these forms, 
and the truth of the following theorem seems at once probable. 


THEOREM 4. The integer 2 is a quadratic residue of all primes 
of the form &n + 1, and a quadratic non-residue of all primes of 
the form. 8n + 3.3 

From Gauss’s Lemma we have 


Gam 


where p is an odd prime, and p is the number of the integers 
2,4,0,°>:,p—=1, I) 


whose residues of least absolute value, mod /, are negative. To 
determine when p» is even and when odd we notice that these p 
integers are those greater than p/2. If we suppose the series 1) 
to be formed by continued subtraction of 2 from p—1 and write 
it in the form 


p—1,Pp—3,°**; P— 1 —2(u—1), p—1I— 2p, "54,2, 
*First given by Fermat; first proved by Lagrange. 
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we see that, since there are » of its terms, beginning with p—1 
and going backwards, whose residues of least absolute value, mod 
p, are negative, the smallest one of these terms will be 


Pi 2k 
The greatest term whose residue of least absolute value, mod fp, 
is positive is therefore p— I — 2u. 
Hence we have | 


p—1—2(n—1)>f>p—1— 2p, 2) 
From 2) we obtain 
Bel See Se 
4 4 


and therefore pw is the greatest integer contained in the fraction 
(p+2)/4. Hence we have, when 


P= Sie re 
and when po 9 or 


that is, » is even when p has the form 82-41, and odd when p 
has the form 8 + 3. 
Hence 


2 
(F) =: When?) —— on 2 Fr; 
and 
(;)——1 step 
an — __ — Ry 4- 
? I, when p Tetra 


and the theorem is proved. 
We can express this result very conveniently in the following 
manner. We observe that 


when Pon +71. ale eon 

aa 
and when Pon a == 8n? +6n +1; 
that is, when $= Ot ce T, eae is even, 
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and when P=8n + ae a Z is odd. 
2 sate 
Hence (4)=Cn : 
Ex. 1. We have (=) = (—1 ee E 


Therefore 2 is a quadratic residue of 17. 


112-1 
2 


Ex. 2. We have (=) SS (— 1) 8 = (— =— |}. 


Therefore 2 is a quadratic non-residue of 11. 


§ 10. Law of Reciprocity for Quadratic Residues. 

It remains now to answer the question: of what odd primes is a 
positive odd prime q a residue, of what a non-residue? This is 
answered by means of a theorem which expresses the quadratic 
character of g with respect to p in terms of the quadratic character 
of p with respect to g; thus making the answer depend upon that 
to our first question, § 2. This theorem, which Gauss has called 
the “Gem of the Higher Arithmetic,” is known as the “Law of 
Reciprocity. of Quadratic Residues,” or more briefly as the 
“Quadratic Reciprocity Law.” It is the following: 


THEOREM 5. Law of Reciprocity of Quadratic Residues.’ If 
p and q be two different positive odd primes, the quadratic char- 
acter of q with respect to p is the same as or different from the 
quadratic character of p with respect to q, according as at least 
one of the primes is of the form 4n-- 1, or both are of the form 
4n— 1; that is, if 


p=4h+1 and q—4k+I1, 


or p=4h+1 and g—4k—I, (4) (4) =. 
or p=4h—1 and q=—4k+I1, 

re PV 

hile if = 4h—1 and q—=—4k —I, & (2) ——1. 
while 1 p= 4. and q==4 9 ? 


*See Bachmann: Niedere Zahlentheorie, pp. 194-318, for a very full 
discussion of this theorem, a list of all proofs being given. 
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This theorem can be expressed in a very elegant form, if we 
observe that the expression (p—1)/2-(q—1)/2 is even when 
one or both of the primes are of the form 4n-+-1, but odd when 
both are of the form 4n—1. We have, therefore, 


(sau 


The proof which follows is due to Pfarrer Zeller,? and depends 
solely on Gauss’s Lemma. 
We have by Gauss’s Lemma 


(2)=(-1y, 


where p» is the number of the products 


P—*4, 1) 


Iq, 2q; ae 


whose residues of least absolute value, mod f, are negative ; likewise 


2) 


where pv is the number of the products 


1) mee | 
2 


Ep 2h ss p, 2) 


whose residues of least absolute value, mod q, are negative. 


Hence (4) () == (— 1)#t”, 


The problem is therefore resolved into the determination of those 
cases in which p + » is even and those in which it is odd. Denote 
the residues of least absolute value, mod p, of the products 1) by 
Soh ay ge ay ape D;; ox bas 
and those of the products 2), mod q, by 
Dees eee aes d,, dy, ips 


2 Monatsbericht der Berliner Akademie, December, 1872. 
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the a’s, b’s, c’s and d’s all being positive. Since p and q are dif- 
ferent from each other, one must be the greater. Assume q > pf. 
We divide now the integers c,,¢.,°**, Cy, all of which being resi- 
dues of least absolute value, mod q, belong to the system 


into two classes according as they are greater or less than p/2. 
The system of those which are < p/2 we denote by C, and the 
system of those > p/2 by C,. 

Let y, denote the number of the integers’ C,, and v, that of the 
integers C,. 

The proof now falls naturally into the following four parts: 

i. That the integers, C,, are identical with the b’s and therefore 
together with the a’s make up the system 


p—I 


2 


4 ee ial 


’ 


whence ptv=h + vp. 


ii. That the number, v,, of the integers C, is odd or even 
according as the number (f+ q)/4 is or is not found among 
them. 

iii. That (p-+q)/4 occurs among the integers C,, and hence 
vy, is odd, when and only when we have simultaneously 


p=4h—1 and q=4k +1. 
iv. That therefore »-+yv is odd when-and only when simul- 
taneously p=4h—1 and q=4k—I. 


ie proof will be rendered more intelligible if we consider 
first the relation between the four parts into which we have 
divided it. 

Suppose that we have proved 1, then 


2)(5) =e 
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and to prove our theorem it is sufficient to show that (p—1)/2 
-+-v, is odd when and only when 


p=4h—1, gq=4k—1. 


It is evident, however, that since (p—1)/2 is even or odd 
according as p==4h-+-1 or 4h —1, to show that (p—1)/2+», 
is odd when and only when p—4h—1, g=4k —1, it is suffi- 
cient to show that v, is odd when and only when p—=4h—1, 
g=4k+1. Now the number (p+ q)/4 is less than qg/2 and 
greater than p/2 and hence, if an integer, is either one of the 
integers C, or one of the d’s. 

But (p+ q)/4 is an integer only when p=—4h+ 1, g=4k—1 
or p=4h—1, q=4k-+1, and hence can therefore evidently 
never be among the integers C, in the cases p—=4h+1,qg—=4k-+1; 
and p—=4h—1, q==4k—1. If now wecan show that (p+ q)/4 
always occurs among the integers C, when p—=4h—1, q==4k-+1, 
and never when p=4h-+ 1, g==4k —1, then to show that », is 
odd when and only when p—4h—1, q==4k-+1, it will be 
sufficient to show that vy, is odd when and only when (p+ q)/4 
occurs among the integers C,. Therefore to show that (p—1)/2 
+ y, is odd when and only when p—4h—1, g==4k—1, it will 
be sufficient to show that (p + q)/4 occurs among the integers C, 
when and only when p= 4h — 1, g=4k +1. Our idea is there- 
fore to show that the three conditions 


p= 4h— I, g=4k + I, 
v, odd, 
Sg 


it of the integers. C.,; 
are equivalent, whence it will follow that (p—1)/2-++¥, is odd 
when and only when p= 4h—1, q=4k —1. 

i. If any integer of the system 


im 


be not an a it must bea b; for as we have already shown (Th. 4), 
the a’s and b’s together make up this system. The integers C, 
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belong, however, also to this system, hence each of the integers 
C, must be either an a ora b. We shall show that each 0 is iden- 
tical with one of the integers C,; also that no a is identical with 
any of the integers C, and hence the b’s and the integers C, coin- 
cide. Let b; be any one of the b’s, and Aig that product of the 
system 1) whose residue of least absolute value, mod , is bi. 


We have then hig=bi, modp;o<h;j <f 


that is, hiqg=hkip + bi, 3) 


where &; is an integer such that 
) p 
Om hip <2 hig = ads 
and hence Oo< ki <2. 
Therefore kip is one of the products of the system 2). 


But from 3), we have 


kip =>=— bi, mod q, 


where Oo 0; <f. 
Hence 0; is one of the integers C,. 

But b; is any one of the b’s; hence each b is identical with one 
of the integers C,. Let now a; be any one of the a’s and /jq that 
product of the system 1) whose residue of least absolute value, 
mod p, is —a;. We have then 


h;q=—a,;, mod p; 


that is, hjqg=kjp — aj, 4) 
where k; is an integer >o and < q/2; for trom 4) 
py eee ints 
p b 
p 


and hence, since O<aj< : and o< hy af 


’ 
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2 2 
we have Oe Rye : 
that is, o<k< +t, 
which gives, since kj and (q + 1)/2 are integers,- 
O< Ry <2 


Hence kjp is one of the products 2), and since from 4) it follows 
that kip =a, mod q; 


a; is a d and therefore not one of the integers C,. But aj; is any 
one of the a’s; hence no a can be identical with one of the integers 
C,. Hence the b’s and the integers C, coincide, and therefore the 
a’s and the integers C, make up the system 


pP—'i 
: 


ie aad 


Therefore pty any + yp. 


2 


ii. To prove now that the number, v,, of the integers C, is 
odd or even according as the number (f+ q)/4 is or is not found 
among them, let c; be one of the integers C, and 


kip =— ci, mod q. 


Here k; can not be (¢—1)/2, for we have 


that is, 


where (q — fp) /2 is evidently positive and less than g/2, and hence 
one of the d’s. 

Therefore to each product, kip, of the system 2), whose residue 
of least absolute value, mod q, taken positively is an integer of C;, 
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there corresponds, since 
a re 
fay ae 
a product kjp, (kj += (¢ —1)/2), of the same system, such that 
a en 
k, a coe cae ke 5) 


We shall show now that the residue of least absolute value, mod 
gq, of k;p, taken positively, is also one of the integers C,. 
Multiplying 5) by », we have 


rete! 
C= 


whence kip= —_ Hae fof — kp, 
or kip = ae — k.p, mod g, 
and hence kps —f+4 — k.p, mod g. 
Moreover, since kip =—ci, modgq, 
we have ki p= ee +c, mod g. 
But since ie oe S 
2 2 

we have P ceuaad —Oo< Z 

oe 2 2 2 
Hence oat — ¢,is one of the integers C,. 
Putting — en 6, = 6, 6) 


we see that if kip, kjp, be two products of the system 2), such that 
k, and k; are connected by the relation 5), and if the residue of 
least absolute value of kip, mod g, be —ci, where c; is one of the 
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integers C,, then the residue of least absolute value of kj, mod q, 
is —c;, where c; is also one of the integers C,. 

Hence to each integer c; of C, there corresponds in this 
manner another integer cj; of C, and it is evident that unless it 
should happen that there is one (or any odd number) of these 
pairs whose integers are identical, the number, v,, of the integers 
C, will be even, but if the two integers composing each of any odd 
number of these pairs be identical, v, is odd. 

If cy == c;, then from 6) it follows that 


oP came 
4 


(Bip as —— Hy A 
é) 


Hence there is at most one pair whose integers are identical and 
this case will occur when and only when (p+ q)/4 is one of the 
integers C,. Hence », is odd or even according as (p+ q)/4 
does or does not occur among the integers C,,. | 

1. Io prove now that (p+ q)/4 occurs among the integers 
C,, and hence v, is odd, when and only when we have simulta- 


neously p=4h—1, q=—4k +1, 
we observe first that 
ie en ae | 
2 7 ee 


and hence, if (p+ q)/4 be an integer, it is either one of the 
integers C, or a d. | 

In order now that (p+ q)/4 may be one of the integers C, 
it is necessary and sufficient that there shall be one, kp, of the 
products 2) such that 


kp= gaan mod g; 
4 
that is, it is necessary and sufficient that there shall exist two 
integers h and k such that 


kp = hg —F4 7) 
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and Ki 


NI 


From 7) it follows that we must have 


(4k + 1)p= (4h—1)q, 8) 
and hence 4k + 1 divisible by gq. 


But we have | ar z, 
and hence 4k +1 < 2q. 
Therefore g=4k+1, 


and consequently from 8) it follows that 
p=4h—1; 
that is, in order that the required integers h and k may exist, p 
and g must have these forms. Moreover, when p and q have these 
forms the required integers h and k evidently do exist. 
Hence p= 4h — 1, g==4k + 1 is a necessary and sufficient con- 


dition that (p + q)/4 shall be one of the integers C,. 
Therefore v, is odd when and only when we have simultaneously 


p=4h—1, and gq—4k+1. 

iv. To prove now that »-+y is odd when and only when we 
have simultaneously p==4h—1, qg==4k—1, we examine the 
equation 

—I 
pty= P=" 4y, 


and observe that 


p==4h+1, q=4k-+1 gives —— : even, v, even, w + v even, 


: I 
p=4h+1, q=4k—1 gives p - even, v, even, » + vy even, 
= 4h—I, q=—=4k +1 gives — amma odd, v, odd, » + v even, 
p q 5 


p=4h—1, q=4k—1I gives : odd, v, even, ~—+v odd. 
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Here tore i & = 
q Pp 


when at least one of the positive primes » and gq has the form 


ENE 
4n +1, and (2) (£)=- 
=~ 1, an rane: I 


when both have the form 4n —1. 


§ 11. Determination of the Value of (a/p) by means of the 
Quadratic Reciprocity Law, a being any Given Integer and 
a Prime. 

Before discussing the question of what odd prime moduli is a 
given positive odd prime a quadratic residue, which we shall be 
able to answer by means of the Quadratic Reciprocity Law, we 
shall illustrate upon an example how greatly the use of this law 
simplifies the determination of the value of (a/p), where a and p 
are both given integers and p an odd positive prime; that is, the 
determination whether the congruence 

av? =a, mod Pp, 
has or has not roots. 
Let = x? = 365, mod 1847, 1) 


be the congruence under discussion, 1847 being a prime.’ 


We have 
()-e) 
1847/ = \1847/ \1847 
Then since 5 is a prime of the form 4n-+ I, we have 
G,)~ (22) 
1847 5 
and since 1847 = 2, mod 5, 


(")=Q)-— 


5 being of the form 8 — 3. 


Hence Ge) =-— I. 
‘ Dirichlet-Dedekind: p. 103. 
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Likewise since 73 is of the form 4n-+ 1, 


and 1847 = 22, mod 73, 
we have 


Ga)“ G- ) 


But er 
73 


since 73 is of the form 8+ 1, and therefore 


(isan) = (3): 


Again since 73 is of the form 4n + 1 and 73 =7, mod 11, 


we have ) = @ =(7 
73 Ii II 


Since 7 and 11 are both of the form 4n — 1, 


2)=-(2)--@)--)@)--i 
Therefore ( 305.) — CS ae 


that is, 1) is solvable. 
Its roots can be shown to be + 496. 


§12. Determination of the Odd Prime Moduli of which a 
Given Positive Odd Prime is a Quadratic Residue. 

Let g be an odd positive prime. 

We are to determine for what positive odd prime values of p 
the value of (q/p) is 1, for what —1. 

By means of the Quadratic Reciprocity Law we are able to 
make the solution of this problem depend on that of the simpler 
one, which we have already solved; that is, the division of all 
rational integers into two classes, one of which contains all resi- 
dues of g and the other all non-residues. 

Let 7,, 72, °°°,7¢ and 14, 1s, °**, 2+ be respectively the incongruent 
quadratic residues and non-residues of g. Then an integer is a 


: Te) 
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residue or non-residue of q according as it is contained in one of 


the forms r, + kq,r. + ka, -+:, re + ka, 1) 
or in one of the forms 
n, + kq,n.+ kq, +++, n+ + kq. 2) 


It is necessary now to distinguish two cases according as q has 
the form 4n + I or 4n—1I. 


i. g==4n-+ I. 


he 3)-(2) 


that is, g is a quadratic residue or non-residue of p according as p 
is a quadratic residue or non-residue of g. Hence q is a residue 
of all positive odd primes contained in the forms 1) and a non- 
residue of all positive odd primes contained in the forms 2). 

Px et iene cS 


The residues of 13 are 1, 3, 4, 9, 10 and 12, the non-residues 2, 5, 
6.7.6 anc le 
Hence 13 is a residue of all primes of the forms 


1+ 13k, 3+ 13k, 4+ 13k, 9+ 13k, 10 +13k, 12+ 13k, 
and a non-residue of all primes of the forms 
2+ 13k, 5+ 13k, 6+ 13k, 7+ 13k, 8 +.13k, 11+ 138. 
li. g==4n—I. 
We must further divide this case into two parts according as p 
has the form 4m-+ I or 4m—I. 


a) p=4m +1. 


a “)=(0) 


and q is seen to be a quadratic residue of all primes of the form 
4m ++ I contained in the forms 1) and a non-residue of all primes 
of the form 4m + 1 contained in the forms 2). 


b) , p-=4m— I. 


m (eft 
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and q is seen to be a quadratic residue of all positive primes of 
the form 4— I contained in the forms 2) and a quadratic non- 
residue of all positive primes of the form 4m—1I contained in 
the forms I). 

The primes / are in this case seen to be subjected to two con- 
ditions, first that they shall give with respect to the modulus 4 the 
residues I or —1I, and secondly with respect to modulus q the 
residues 7,, 1%, °°*,7t OF M4, Mey °°°, Nt. 

By Chap. III, §14, we can find the forms which the numbers 
must have in order to satisfy both of these conditions. 

Ex.’ Let G10. 
The residues of 19 are 
I, 4,5, 0,7, 0, 41,10 anda 17, 
and the non-residues 
2, 3,.8,-10,. 12.13, 14,015.40 or. 


Hence 19 is a residue of all positive primes of the form 4m-+1 con- 
tained in the forms 


19k +1, 19k + 4, 19k + 5, 19k + 6, 19k +7, 
19k +9, 19k + 11, 19k + 16, 19k + 17, 3) 
and'of all positive primes of the form 4m—1 contained in the forms 
19k + 2, 19k +3, 19k + 8, 19k + I0, 19k -+ 12, 
19k +13, 19k +14, 19k + 15, 19k + 18. 4) 


On the other hand 19 is a non-residue of all positive primes of the 
form 4m—1I contained in the forms 3) and of all positive primes of 
the form 4m-+1 contained in the forms 4). By Chap. III, §14, we may 
combine the two conditions thus imposed upon p into a single one and 
say that 19 is a quadratic residue of all primes of the forms 


76k +1, 3, 5, 9, 15, 17, 25, 27, 31, 45, 49, 51, 59, 61, 67, 71, 73, 75; 
and a quadratic non-residue of all primes of the forms, 
76k +7, 11, 13, 21, 23, 20, 33, 35, 37, 39, 41, 43, 47, 53, 55, 63, 65, 60. 
§ 13. Determination of the Odd Prime Moduli of which any 
Given Integer is a Quadratic Residue. 
It was shown in § 10 that the solution of this problem could be 
made to depend upon the solution of the three simpler problems, 
to determine: 


* Wertheim: p. 220. 
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i. Of what odd prime moduli —1 is a quadratic residue. 

ii. Of what odd prime moduli 2 is a quadratic residue. 

iii. Of what odd prime moduli another positive odd prime is 
a quadratic residue. 

These problems have all been solved and we are now prepared 
to solve the general question proposed originally in § 2; that is, 
to determine for what odd prime values of p the value of (a/p) 
is 1 and for what —1, a being any given integer. Assuming that 
a contains no square factor and by p; denoting — I or any positive 
prime factor of a, we have for each p; two systems of forms, one 
of which contains all positive odd primes of which /; is a residue, 
the other all positive odd primes of which /; is a non-residue. 

The positive odd primes of which a is a residue will be those 
which are contained in none or an even number of the second set 
of forms. Having obtained for each p; these two systems of 
forms the solution of the problem reduces to that of finding an 
integer which gives certain residues with respect to each one of 
a series of moduli (Chap. III, §14). <A single example must 
suffice here to illustrate the application of this method. For an 
extended discussion of it with numerous examples see Wertheim, 
pp. 221, and for the solution of this problem as well as the more 
general one, where the modulus is also composite, see Dirichlet- 
Dedekind, Bachmann and Mathews, where by an extension of 
Legendre’s symbol a simplification is effected. 


Bx Let a= — I5. 


wee GGG) 


Two cases must now be distinguished according as p has the form 
4k,+1 or 4k, + 3. 


If p= 4k. +1, _) =1, 


4 (3)=(4)= t when p = 3k: + I, 
and 3 4 w sai. 


and =i Whe P= 3k: 4-2 


ay 
Caen (=) an 
p=4k,.+3 F: 
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and (3) =— (2) = I when p= 3242, 


and =—1 when p= 3hk2+ 1. 


(3) =(4) = I when p=5ks-+1 or 5h3-+-4, 


and —=—1 when p=5hk3-+ 2 or 5k3 + 3. 


In order now that —15 shall be a residue of p, p must have such a 
form that either none or two of the symbols (—1/p), (3/p), (5/p) 
have the value —I. 

Hence —1I5 is a residue of all primes which are contained simulta- 
neously in the forms of one of the following sets: 


4ki +1, 3k2+1, 5%3-+1, which give p=60k+ 1, t) 
4kit1, 3k2+1, 5%3-+ 4, which give p= 60k + 49, 2) 
4kit1, 3k2+2, 5k3-+2, which give p= 60k -+ 17, 3) 
4k: +1, 3k2 +2, 5ks+ 3, which give p = 60k + 53, 4) 
4ki + 3, 3k2+1, 5%3-+1, which give p = 60k + 31, 5) 
4ki+ 3, 3k2+1, 543+ 4, which give p = 60k + 19, 6) 
4k, +3, 3k2-+2, 53ks-+2, which give p = 60k + 47, 7) 
4ki+ 3, 3k2-+2, 5%3-+ 3, which give p = 60k + 23. 8) 


We can easily combine 1) and 5), 2) and 6), 3). and 7), 4) and 8), and 
obtain as the forms of the positive odd primes of which — 1§ is a residue 
| BOR A 7 23 
Similarly we find that —15 is a non-residue of all positive primes 
contained in the forms 
30k +7, II, 13, 29. 
§14. Other Applications of the Quadratic Reciprocity Law. 
We shall now give a few theorems in the proof of which the 
Quadratic Reciprocity Law and its two subsidiary theorems will 
be found useful. 


TueoreM 6. There are an infinite number of positive primes 
of each of the forms 4n-+ I and qn—I." 
Observing that every prime is of one of these forms, we pro- 


See Chap. II, § 6. 
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ceed to prove that there is an infinite number of primes of the 
form 47 -+ 1. 

Suppose that there is only a finite number of positive primes 
Pi, Pos ***, Ps, Of the form 4n +1. Form the integer 


(2p,P.°** Ps)? + 1 =a, 


which is of the form 4n + I. 
It is divisible by no prime q of the form 4n—1, for, if this 
were the case, we should have 


(20,70 fs) = 1, mod ¢: 


that is, —1 would be a quadratic residue of g which is impossible 
because q is of the form 4n —1. 

Moreover, a is not divisible by any of the primes 2, p,, po, «++, ps. 
Hence a is itself a prime of the form 4n +1, different from each 
of the primes p,,p.,---,fs, or is a product of such primes. But 
this is contrary to our assumption that there are no primes of the 
form 4n-+ 1 other than /,,p.,---,ps. Therefore the number of 
positive primes of the form 47 -+ 1 is infinite. 

To prove now that there is an infinite number of positive primes 
of the form 42 —1, we assume as before the contrary to be true; 
that is, that there are only a finite number of positive primes 
J1; Jo, +++, Qt Of the form 42 —1I, qe being the greatest. 


Form the integer 24,0.77--d¢-- 1-0; 


It is greater than q; and is not divisible by any of the primes 
20...05, ---, 01. Fvence, Hf at be mot prime, its prime factors must 
all be of the form 4n +1. 


be 20:92 Gt LI=Pibo Pry I) 
where "| 

ae | mod 4. 

prt | 


Multiplying these congruences together, we have 


Pip2:::Pr=1, mod 4, 
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whence 24190 °°' Gt + 1==1, modg, 
and hence Pig Oi ==0, mod 2. 2) 
But 2) is impossible since q,,q.,°*',@e are all primes of the 


form 4n—I. 

Hence 1) is impossible and 0 is either itself a prime of the form 
4n—1I or is a product of primes of this form, all of which are 
greater than g:. Therefore the number of positive primes of the 
form 41—1 is infinite. 


THEOREM 7. Every prime of the form 2?" 4 7 has a primitive 
root 3. 


tet poe 
If 3 be a primitive root of p, then each of the (P/— 2) powers of 3 
ne a ree, ae 


must be incongruent to 1, mod #. 
If, however, 3‘==1, mod p, where 0<t<p —1, p being positive, 
then by Chap. III, Th. 25, it follows that 
p — 1=0, modt, 
and, since i oe 
| t= 2", 
and the greatest possible value of ¢ will be 2?°-+. In order, there- 


fore, that 3 may be a primitive root of /, it is necessary and suff- 
cient that the following 2”— 1 incongruences should hold 


3 =I, 
cp are 
2a ly OG 
3 EI, 


A sufficient condition for this is that the last of these incon- 
gruences should hold, for if any one of the previous ones did not 
hold, al! following ones would not hold. 

We have therefore only to prove 


32” er, mod p; 
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p—l 
that is 3 2 ==1, mod p. 3) 


But when 3) is satisfied, 3 is a quadratic non-residue of p, and 
vice versa. Hence we have only to prove (3/p) =—I. 
Since p is of the form 4n-+ 1, we have 


()-6) : 


But 2==— I, mod 3, 
whence 2?" = (— 1)? =1, mod 3. 
Therefore 2?" 1.1 == 2, mod 3, 


w ()=()=-1 


whence from 4) it follows that 


gj" 


Therefore 3 is a primitive root of every prime of the form 
ped ay i 

The theorem just proved bears an interesting relation to the 
problem of the construction of regular polygons of a prime num- 
ber of sides with ruler and compasses ; the construction is possible 
only when p is a prime of the form 2?” + 1, and can be accom- 
plished by means of a primitive root of p.? 


THEOREM 8. Every positive prime p of the form 4q + 1, where 
g 1s @ positive prime, has 2 as a primitive root. 
If 2 be a primitive root of p, then each of the p— 2 powers of 2 


must be incongruent to 1, mod pf. | 
If, however, 2 appertains to an exponent ¢, mod f, less than 


p—1I, then 2 == ft, 0d p 5) 


*See Klein: Ausgewahlte Fragen der Elementar Geometrie,~p. 13. 
Gauss: Disq. Arith., Sect. Sept. Works, Vol. I, p. 412. Bachmann: 
Die Lehre von der Kreisteilung, p. 57 and Vor. 7th. 
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and by Gnap: cil, he25, 
p—1=0, modt, 
whence 4g = 0, mod t. 


Hence, since g is a prime, we can have as possible values of ¢ only 
2,4,q oF 29. ; 
It is necessary and sufficient to show that 


2*==1, mod p, and 274==1, mod f, 


for, if 2? ==1, mod #, then 2* =1, mod #, 
and, 1 29==1, mod Pp, then 277==1, mod p. 
To prove 2*==1, mod; 
thateis, I5 ==o0, mod f, 


it is sufficient to notice that the only primes which divide 15 are 
3 and 5, neither of which is of the form 4q + I, when g is a prime. 


Hence 2*==1, mod p. 
To prove "2747, mod p; 
that is, 2-0/2 3=1, mod fp, 
we need only show that 

(3) 
ete: =—- — I 
P 


2 | i 
we have (=) =(—1) * =(—1)"**=— I], 


for if g==2, p, =4q + 1, is not a prime and therefore g is always 
odd, whence it is evident that 2q* + q is an uneven integer. 
Tience 2°4==1, mod p. 


Therefore 5) holds for no value of ¢ less than p — I. 
Hence 2 is a primitive root of every positive prime of the form 
4q +1 when q is a positive prime. 


EXAMPLES. 


1. Determine the prime moduli of which 30 is a quadratic 
residue. 
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2. Has the congruence 


t= L385, mod 2411. 
roots? 
3. Solve the congruences :1 


a) 5x*—8x%— 3==0, mod 23. * == 8 or 12, mod 23. 
b) 34°+4r+ 5==0, mod 20. 4 ==— 3, — 5, 7, 5, mod 20. 
Cc) 74a? —3v4 + 11==0, mod 1g. 4 = 5,9, mod 19. 
ad) 52°—34— 2=0, mod12. 4 ==— 2,1,2,5, mod 12. 
€) 3a°+4r+ Q=0, mod 12. 4 ==— 3, 3, mod 12. 
f) 3#°+ x— 4=0, modio. xX == I, 2, 6,7, mod Io. 


4. Show that among the numbers of a reduced residue system, 
mod p”, where p is a prime different from 2, there are exactly as 
many quadratic residues as non-residues of p”.2 

5. Show that every quadratic residue of p is also a quadratic 
residue of p", and that every non-residue of » is also a non- 
residue Of Pp." 

6. The numbers a and p —a, where / is a prime, have the same 
or opposite quadratic characters, mod /, according as p is of the 
form 4n-+ 1 or 4n—1. 


"Wertheim: Anfangsgriinde der Zahlenlehre, 1902, pp. 320-322. This 
book contains many numerical examples and should be consulted by every 
one interested in such work. It also contains many interesting historical 
notes and some useful tables, and is in many ways a good book for a 
beginner to read. 

* Gauss: Disq. Arith., Art. 100; Works, Vol. I. 

* Tbid., Art. 101. 
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§1. Numbers of k(7). Conjugate and Norm of a Number. 
The number \/— 1, that we shall ag usual denote by i, is defined 


by the equation 0 1) 


which it satisfies. 

Every number of k(7) is a rational function of 7 with rational 
coefficients (Chap. I, §3), and since by means of the relation 
12 == — 1 the degree of any rational function of 7 may be reduced 
so as to be not higher than the first, every number, a, of k(1) 
has the form 

~ tt By? 
where a,, b,,a,, 0, are rational numbers, or, multiplying the numer- 
ator and denominator of this fraction by a, —}.t, we have 
b, —a,b, ;. 


a,a,+b,b, , a 
ae 2 te i Te 
ie rt a? +b,” . 
that is, every number, a, of k(7) has the form 


a=a-t lh, 


po ee 


where a and 2 are rational numbers.” 
The other root —i of the equation 1) defines the realm k(—1) 
conjugate to k(i) (Chap. I, §4). These two realms are identical, 


1 Gauss: Th. Res. Biquad. Com. Sec., Works, Vol. 2, p. 95, f. £. Dirichlet- 
Dedekind: § 139. Weber: Algebra, Vol. J § 173. Dedekind: Sur la 
theorie des nombres entiers algebraiques; Bulletin des Sc. Math., Ist Ser., 
Vol. XI, and 2d Ser., Vol. I. Bachmann: Die Lehre von der Kreisteilung, 
12th Vor. Cahen: pp. 354-367. 

* Throughout the remainder of this book letters of the Latin alphabet 
will always denote rational numbers (except in k(7), where ty 
while letters of the Greek alphabet will denote the general numbers of 
the realm under discussion, which may or may not be rational numbers. 
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for 7 is a numberof k(—71) and —1z is a number of k(t) (Chap. I, 
§ 3). The number a— Ji, obtained by putting —z for 7 in any 
number a, ==a-t bi, of k(t), is the conjugate of a and is denoted 
by a’; for example, 3-++ 2: and 3— 2: are conjugate numbers 


(Chap. I, § 4). 
A rational number considered as a number of k(t) is evidently 


its own conjugate. 

It is easily seen that the conjugate of a product of two or more 
numbers of k(7) is equal to the product of the conjugates of its 
factors; that is, if »=af, then p’—a’p’. The product of any 
number, a, of k(1) by its conjugate is called the norm of a and is 
denoted by n[a] ; that is, | 

n[a + bi] = (a+ bt) (a—bi) =a? + B? 

For example: 

n[3 + 21]=(3 + 21) (3 — 2?) = 13, 
and n[5]= 5:5 = 25. 

We observe that the norms of all numbers of k(7) are positive 
rational numbers. 

THEOREM I. The norm of a product is equal to the product of 
the norms of its factors; that 1s, n[aB] =n [a]-n[B]. 

For n[aB] —aBp-a’p’ 
== ad’ Bp 
== fa <1. BI. 

Every number, a, of k(7) satisfies a rational equation whose 
degree is the same as that of the realm, that is, the second, and 
whose remaining root is the conjugate of a, for the equation 
having for its roots a, ==a- bi, and a’, =a— bi, where a and Db 
are rational numbers, is 

x? — 2ax + a? -+ b?=0; 2) 
and this is of the form 
av? t px +q=0, 3) 


where p and g are rational numbers. 
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If b =o, that is, if aa’, the equation 2) is reducible, becoming 
(+ —a)?=0, 
and the rational equation of lowest degree that @ satisfies is 
4 —a=o0 


If b= 0, that is, if a=-a’, the equation 2) is irreducible, and 
hence is the single rational equation of lowest degree and of the 
form 3) satisfied by a (Chap. I, § 2). 

We observe, therefore, that the numbers of k(1) fall into two 
classes according as the irreducible equations of lowest degree 
satisfied by them are of the first or second degree. Those of the 
second class, that is, those which satisfy irreducible rational equa- 
tions of the same degree as that of the realm, are called primitive 
numbers of k(t). 

The numbers of the first class, that is, those which satisfy irre- 
ducible rational equations of a degree lower than that of the realm, 
are called imprimitive numbers of k(t). 

The imprimitive numbers of k(i) are evidently the rational 
numbers. 

All numbers of the realm R being included among those of the 
realm k(i), R is said to be a sub-realm of k(t). It is easily seen 
that k(7) may be defined by any one of its primitive numbers, but 
by none of its imprimitive numbers. 

The constant term of the rational equation of the form 3) whose 
roots are a and a’ is seen to be n[a]. 

In general, each number a, of a realm, k(@), of the nth degree satisfies 
a rational equation whose degree is the same as that of the realm and 
whose remaining roots are the »—1 conjugates of a (see Chap. VIII, 
Th. 4). 

§ 2. Integers of k(1). 

To ascertain what numbers of k(7) are algebraic integers we 
may consider separately the two classes of numbers of the realm, 
the imprimitive numbers being at once disposed of by remember- 
ing that a rational number is an algebraic integer when and only 
when it is a rational integer. 
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To determine when a primitive number a is an algebraic 
integer, we observe that the necessary and sufficient condition that 
a shall be an algebraic integer is that the coefficients of the single 
rational equation of lowest degree, 


4? + px + q=0, 
satisfied by a shall be integers (Chap. II, Th. 4). 
But —p=—a-ta’, and g—aa’ 


and hence the necessary and sufficient conditions that a shall be 
an algebraic integer are that a+ a’ and aa’ shall be rational 
integers.? 

If we write a in the forma + bt, wherea—=a,/c,,andb=—b,/c,, 
a,,b,,c, being rational integers with no common factor, these 
conditions become 


G08 a 0. 26 ; 
or a a ms b = _*=a rational integer, 1) 
a b,1 C— pt 1 ey | ag ne . 
( 1+ 41 ) ( 1 L ) = lenetY —=a rational integer. 2) 
c c ‘ 
1 1 1 


One at least of the three following cases must occur: 

fine Ol ier tee er et Ce 

We shall show that i and ii are impossible. 

i. If ¢,=2 or 1, then by virtue of 1) a, and c, would have a 
common factor that by virtue of 2) wouid be contained in b, also. 
But this is contrary to our hypothesis that a,,0,,c, have no com- 
mon factor. Hence i is impossible. 

il. 1% ¢, == 2, then by virtue ot 2) a> -—5.> would be divisible 
by: 27 and hence @,-and 6, each by 2. that is, a,,.0,,c, would have 
the common factor 2, which 1s contrary to our hypothesis. Hence 
ii is impossible. 

Hence c,==1; that is, a and BD are rational integers. 


* This is a special case of the general theorem that a necessary and 
sufficient condition for an algebraic number a to be an integer is that 
all the elementary symmetric functions of a and its conjugates shall be 
rational integers. 
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Thus all integers’ of k(t) have the form a+ bi, where a and b 
are rational integers, and all numbers of this form are integers of 
k(1). If b=0, we obtain the rational integers. The conjugate 
of any integer of k(1) is evidently also an integer, and the norm 
of any integer of k(t) is a positive rational integer. We observe 
that in k(1), as in FR, the sum, difference and product of any two 
integers are integers.’ 


§ 3. Basis of k(t). 

Any two integers w,, w, of k(1) are said to form a basis of the 
realm if every integer of the realm can be represented in the 
form dw, + d,0,, where a,,a, are rational integers. 

It is evident that all numbers of the form a@,, + aw, are in- 
tegers of k(t). We have already seen that 1 and form a basis 
of k(i) ; that they are not the only integers of k(7) having this 
property is easily shown. 


For example: 1+7, 3+ 27 is also a basis; for if a+ bi be any integer 
of k(7z), then from 


at bi=a(1+?) +a(3+4 21), 


we have a; + 3a2—= a, 
a, + 2a.= b, 
giving ad; = — 2a + 3b, 
a2—a—D, 


which are rational integers since a and D are rational integers. 
We have 


GOP 203) Ce ee 


*Throughout the discussion of k(i) the term integer will be used to 
denote any integer of the realm either complex or rational. 

7It is true, in general, that the sum, difference, and product of any 
two algebraic integers is an algebraic integer (see chap. IX, Th. 8, Cor. 2). 

* There exist in every realm of the nth degree m integers 1, 2, +++, @n, 
such that every integer 9 of the realm has the form 


 rarcssd 1 a A2W ok see a Ann, 


where a,, d., ---, @, are rational integers. In the definition here given I 
have followed Hilbert (see H. B., §4). The basis defined above is some- 
times called a minimal basis of the realm (see Weber: Algebra, Vol. II, 
§ 145). 
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For example; 8+ 5:=— (1+7) +3(3+272). 
Every integer of the realm is therefore expressible in the form 
a,(1 +1) + a2(3 +4 21), 
where a; and az are rational integers. 


Hence 1+7, 3+ 22 is a basis. 
We observe that the determinant of the coefficients’ of 1-+7 and 3 + 21 is 


this being a particular case of the following theorem. 
THEOREM 2. I/f o,,0, be a basis of k(t), the necessary and 
sufficient condition that 
01 == Aw, + Ayws, \ 1) 
02% == D0; + byw», 
where a,,a,,b,,b, are rational integers, shall be also a basis of 
k(i) is | 
Gwe 
b, 2b, 
This condition is necessary; for, if w,*,w,* be a basis, we have 


—=+ 1. 2) 


w, == ,*w,* + a,*w9*, 
W. = b,*o,* ae b,* we", 
where a,*,a,*, b,*, b,* are rational integers, and substituting the 
values of w,*,,.* from 1) in 3), we have 
oe ma (a,*a, aie a,b, )o, a (a,*d, ae A,*b,)w., 4) 
w. = (b,*a, + 0,*b,), + (by*a, + 52%) wo, 5) 
From 4) and 5) it follows that 


3) 


a,*a, + a,*b, =I, a,*a, + a,*b, =0, 


boa, 070, 0, by a. 0,8, — 1, 


whence 
| a,* a,* | gee eae | a,*a, + a,*0, b,*a, + b,*, 
a pea sk K o * 
Pore b, 0, | a,*dy + a,*b, by*a, + b2*b, | 
eee 
an pa On 
8 ae Se 


| 
1We call a, b the coefficients of the number aw, + box, where “1, “2 


is a basis. 
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Therefore 


The condition is also sufficient; for, solving 1) for w, and o,, 
we have, if 2) be satisfied, 


o,== (b,0,* ear aw,*), 


and hence, if w, —Cc,o, +¢,o,, be any integer of the realm, 
w= = (¢,D, + ¢.5,)0,* = (¢,4, + C20, )ws* ; 
that is, o = d,w,* + d,w,*, 


where d, and d, are rational integers. Since there is an infinite 
number of different sets of rational integers a,,a,,b,,b, which 
satisfy the relation 


a 
Bee b, 


there is an infinite number of bases of h(i). 


= +t I, 


§ 4. Discriminant of k(7). 
The squared determinant 


| Oi.) Oy | 
formed from any basis numbers and their conjugates ts called the 
discriminant of the realm, and is denoted by d. 

That d is the same, no matter what basis is taken, is evident 
from the last paragraph. 

For if o,,@. and o,*,=,0, + d.0,, 0.*, = b,0, + b.0,, be any 
two bases, then 


0%  w™ : | do, + da, , Do, + b,0, : 
‘ = 
wo,” ot | Qo, + dyn’, bo," + b20,! 
a, Ga ao. eee | o, Ws 
= = | 
b, b, OO a for OF 


Hence, since I, 7 is a basis of k(1), 


ee a =—4 
“It 
1 eat 
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It is easily seen that if ,,0. be any two integers of k(i) such 
that 


then w,,, is a basis of k(1). 


For example: 


}r+i 3+ 27? 
| =—4; 
j;I—t 3—2i ! 
Hence 1+ 7, 3+ 2% is a basis of k(t) as we have already seen. 

§5. Divisibility of Integers of k(i). 

Any integer, a, is said to be divisible by an integer, B, when 


there exists an integer, y, such that 
A= By. 
We say that 8 and y are divisors or factors of a, and that a is 
a multiple of B and y. 
Ex. 1. We see that 8+ 7 is divisible by 3+ 21, since 
8+ 1= (3+ 21) (2—1). 


Ex. 2. On the other hand 5+ 27 is not divisible by 1+ 31, for there 
exists no integer of k(7) which multiplied by 1+ 3? gives 5 + 2i. 
This can be shown as follows: 


If we set Sta= (1+ 31)(*+ yi), 1) 
we obtain =H, y=—}; 
that is, there are no integral values of x and y for which 1) will hold. 


Hence 5 -+ 27 is not divisible by 1+ 37. 
This can also be shown as follows: 


S+2t (§-+ 2%) (1 — 34) 
1+ 3¢ (1+ 37) (1 — 37) 


As immediate consequences of the above definition we have the 


i ake ear 
5&0) 10 


following: 

i. If a be a multiple of B and B be a multiple of y, a is a mul- 
tiple of y, or more generally 

i. If each integer of a serics a,B,y,8,---, be a multiple of the 
one next following, each integer is a multiple of all that follow it. 
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ii. If two integers, a and B, be multiples of y, then aé + By is 
a multiple of y, where é and y are any integers of the realm. 

It will be observed that 111 depends not only upon the above 
definition but upon the fact that the sum, difference and product 
of any two integers of k(7) is an integer of k(1). If a be divis- 
ibie by 8; then @ is divisible by f' ; for, if a— fy, then a —Pfy. 
In particular, if a rational integer be divisible by any integer of 
k(1), it is divisible by its conjugate. 


THEOREM 3. If a be divisible by B,n[a] ts divisible by n[B]. 
For, if a= By, it follows from Th. 1 that 


nfa|—=n[B]nly], 
and hence that [a] is divisible by n[B]. 
The converse of this theorem is not in general true, as may be 
seen from the following example: 
If a=8+i and B=3—2i, nla], —65, is divisible by 
n[B], = 13, but a is not divisible by B; for putting 


8+ 1= (3— 21) (++ 9), 
we obtain fractional values for x and y. 

The determination of the conditions under which [a] divisible 
by n[B] is a sufficient as well as necessary condition for a to 
be divisible by 8 must be postponed until the unique factoriza- 
tion theorem has been proved for the integers of k(1). 

If two or more integers, a,B,y,---, of k(t) be each divisible 
by an integer p of k(1), pw is said to be a common divisor of 
a, Bry,°°° 


§6. Units of k(1). Associated Integers. 

We have seen that in the rational realm there are certain in- 
tegers, + I, called units, which are divisors of every integer of 
the realm. Evidently +1 have this property in k(t), and are 
therefore called units of k(1). We ask now whether there are 
any other integers of k(t) which enjoy this property. If there 
be such integers they must be divisors of 1, and conversely every 
divisor of I is a unit. Let e.—=xr-+ 1, be a unit of k(1); then 


Ade — I, I) 
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where a is an integer of k(i). It follows that 


n[a]n[e] =1, 


and hence n[e] = 1; that is, 


Cle a ee 2) 


That n[e] 1 is not only a necessary but also a sufficient con- 
dition that ¢ shall be a unit, is evident from the fact that from it 


follows == 5 


and hence that ¢ is a divisor of I. 
From 2) it follows that 


*=+t I, y=0; + =—0, VS eI, 
and hence «== I,— 1,14 or —i, 


Therefore-t,--"1, 7-4 are the qnits of k(t). That all these in- 
tegers are units of k(7) may easily be verified, since, if a + bi be 
any integer of k(7), we have 


a+ bi=1(a-+ dt) 
= — 1(—a— Dt) 
=1(—ai+ b) 
==—1(ai—b) 
Starting with the original definition of a unit as an inte ger 


which is a divisor of every integer of the realm, we obtain there- 


fore the three following equivalent definitions for the units 
Or os 2S 
Page are the divisors of 1. 
1. They are those imtegers whose reciprocals are integers. 
Hence the reciprocal of a unit is a unit. 
i. They are those integers whose norms are 1. Hence the 
ne of a unit is a unit. 
Two integers, a and 8, with no common divisor other than the 
units are said to be prime to cach other. , 
It is customary also to say that two integers, whose common 
divisors are units, have no common divisor. A system of in- 
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tegers, Q,,Q.,°*+,@n, such that no two of them have a common 
divisor other than the units are said to be prime cach.to each. 

As in the rational realm, two integers, m and —m, that differ 
only by a unit factor, are said to be associated, so in k(1) the 
four integers, a, —a, ia and —1a, obtained by multiplying any 
integer, a, by the four units in turn, are called associated integers. 
For example, the four integers 3 + 21, — 3 — 21, —2-+ 31, 2— 31 
are associated. We say also that a, —a, ia, — 1a are the asso- 
ciates of a. Any integer that is divisible by a is also divisible by 
—a,iaand—ia. Hence in all questions of divisibility associated 
integers are considered as identical. It will be understood from 
now on that when two factors, a,8, of an integer of k(1) are 
said to be the same, they are merely associated; that is, a=, 
where ¢ is a suitable unit. They may or may not be equal, equality 
being understood in the ordinary sense; that is, 


a, + b,t= a, + 5,1, 
when and only when a, —a,, and b, = ),. 
If each of two integers be divisible by the other, they are asso- 
ciated, for let a/B=y, then B/a==1/y. If now both y and 1/y 
be integers, then y is a unit and a and 8 are associated. 


§ 7. Prime Numbers of k(1). 

An iteger of k(1), that is not a unit and that has no divisors 
other than its associates and the units, is called a prime number 
of k(t). 

An integer of k(7) with divisors other than its associates and 
the units is called a composite number. 

It will be observed that these definitions are identical with the 
corresponding ones in the rational realm. To ascertain whether 
any integer a, not a unit, is a composite or prime number, we have 
only to determine whether or not a can be resolved into two 
factors neither of which is a unit. 

We put therefore a=(a+bi)(c+dt) and determine for 
what sets of integral values of a, b, c and d this equation is sat- 
isfied. If any one of these sets of values be such that neither 
a+ bi nor c-+di is a unit, a is a composite number ; but, if for 
every set of values one of these factors be a unit, @ is a prime. 
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Ex. 1. To determine whether 3 is a prime or composite number 
of k(t). 


Put 3= (a +01) (c + di); 


then §= (ea 2 (eH a), 
whence we have either 


a+b? =3 eb saat y 

; 0} 2) 
C+ d’— 3 ctd’=9 

Remembering that a, b, c and d must be rational integers, we see that 1) 


is impossible, while from 2) a+ bi is a unit. Therefore 2, 1s) a prime 
number of k(t). 


Ex. 2. To determine whether 7+ 4i is a prime or composite number 
Obaetr yr: 


Put 7+41= (a+ bi)(c + di); 
then 654d eb) ir 4g). 
whence we have either 
a’ + b?=5 a’ +b? = 1 ) 
5 Oe 2) 
C+ a= 13 4d 6s f 
From 2) it would follow that a+ bi is a unit, but 1) gives 
eae ie ar Ga 2 eae. 
ae 


Ces has GO een SOL HE) Aimee 


whence al 2) or. 61 — 27), 3) 
or a+bi=+ (2—1) or + (1-422), 4) 
and c-+dt=+(3+21) or + (2— 31), 5) 
or e+ dt 3 ot). or. st 39) 6) 


the four integers after each sign of equality being associated. 

It will be observed that this process gives us not only the divisors 
of 7-++ 4: and its associates, but also the divisors of every other integer 
whose norm is 65; that is, of 7—4i, 8+1, 8—di, and their associates. 

Each one of the eight values of a+ bi multiplied by any one of the 
eight values of c+ di gives an integer whose norm is 65, and these sixty- 
four integers fall into four classes of sixteen each according to the one 
of the integers 7+ 47, 7—4i, 8+17, 8—i, with which they are as- 
sociated. Each associate of each one of these four integers will be 
repeated exactly four times. 

Selecting by trial the divisors of 7+ 47, we see that any integer from 
4), multiplied by a suitable one from 6), gives 7+ 41. 


Thus 7+ 41= (2—1) (2+ 3). 7) 


Hence 7+ 47 is a composite number. 
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We have also, 7+-4i= (—2-+ 1)(—2 — 31), 

=( 1+2)( 3—21), 

= (—1— 24) (— 34 21), 
but these factorizations are looked upon as in no way different from 
7) since the corresponding factors are associated. Hence 7+ 4 can be 
factored in only one way into two factors, neither of which is a unit. 
If now we attempt to factor 2—i and 2+ 3, we find that they are 
prime numbers, and hence we say that 7-+.4i has been resolved into its 
prime factors. 

Ex. 3. Resolution of — 23-+ 41 into prime factors. 


If we endeavor to resolve —23-+ 411 into two factors neither of 
which is a unit, we find that it can be done in seven different ways; that is, 


— 23+ 41¢= (1 + 31) ( 10+ 117), 
= (14 504 7a Ob) 
=(1+ 1)( 9+ 321), 8) 
— (24+ 1)(—1+2!11), 
= (3+21)( 1+ 132), 
= (44+ #)(—3+ 11). 


We find, however, that in each case either one or both of the factors 
is composite and we resolve the composite ones into the following factors 
all of which can easily be proved to be prime: 


r+3i— (1 +i) (2+4)3 1r+5§'= (8 +4 (3 4+28)5 
gtsi= (Cr +H) 4+i); tof = (342144493 
74+ 6i=(2+i)(44+i)3 44+7§'= (2+3421). 
when these values are substituted in 8) we have in all seven cases 
—23 +4 (1+i) (2+ (3+2)464+9; 


that is, if —23-+ 417 be resolved into factors all of which are prime, 
the resolution can be affected in only one way. 


It is now evident that we can, as in the case of the rational 
integers, represent every integer of k(i) asa product of its prime 
factors, and the last example renders it probable that the repre- 
sentation will be unique. We shall proceed to prove three 
theorems which will enable us to show that the integers of k(t) 
have indeed this all-important property. 


§ 8. Unique Factorization Theorem for R(t). 


- Turorem A. If a be any integer of k(t), and B any integer of 
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k(1) different from o, there exists an integer pw of k(t) such that 
nla— pB]<n[B]. 
Let a/B=a- bi, 


where a==r-+7r,, b=s-+5,, r and s being the rational integers 
nearest to a and bD respectively, and hence 


Im sd, [si] <4. 
We shall show that p, =r-+ si, will fulfill the required con- 
ditions. 


Since a/B—p=r7,+ Sy, 
n[a/B —p] =7?+ 5,’ sh; 
whence n[a/B—p] <1; 


or, multiplying by [], 
n[a—pB] <n[B]. 


Bx: 12 a=—5-+ 21, and B=1- 31, 
21 
then gag Hite 
and == 1 —t, : 
therefore a—pB—=—5-+ 2i— (1— 1) (1+ 34) = 1, 
and n[1] <n[1 + 37]. 


The method given above for selecting » evidently determines 
it uniquely unless either one or both of the quantities |7,|, |s,| be 
4, in which cases there are respectively 2 or 4 integers which 
satisfy equally the method of selection. _ 

There are, however, values of » that satisfy the requirements of 
the theorem other than the one selected as above. In the ex- 
ample given above it would serve as well to take 


w==2—1 or I—21; 
for 5+ 2i— (2—1) (1 + 31) =— 3, 
and n[ —3t|] << n[1 + 31]; 
likewise 5 + 2r— (1 — 21) (1+ 31) =—2 +43, 
and n[—2+71] <u[1 +37]. 
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It can be easily shown that there are in general (including the 
one selected as in the proof) two, three or four values of » which 
satisfy the requirements of the theorem. The particular value of 
p. selected as above may be called the nearest integer to a/B. 

The other possible values of » are found among the integers 
r+ st such that ¢,,s, differ respectively from r,,5, by 1. 

This will be made clearer by a graphical proof of the theorem 
to which we are led by its statement in the following form: 

If a/B be any number of k(i), there exists an integer p of 


k(t) such that n[a/B—p] <I. 
4 
—242i -1+2i 2i 142i 242i 
—24i -1+i i 1+i a+i 
2 = 0 1 2 x 
tio =at —i 
2-21 1-25 rs 


Representing as is usual the number 1+ y7 by a point whose 
coordinates referred to rectangular axes are x and y, we see that 
the integers of k(7) are the points of intersection of a lattice 
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formed by two systems of straight lines parallel respectively to the 
axes of x and y, and at the distance I apart.’ 

Our problem is, given any number y of k(1), we are required to 
find all integers, », of k(7) such that 


nly—p] <1. 1) 
Let G and N be points representing the numbers y, =a-+ bi, 
and v, ==c + di, respectively; then every number, v, of k(7) such 


that n[y—v] <1 


is represented by a point lying within the circle of radius 1 de- 
scribed about G as a center, and conversely every number, v, of the 
realm represented by a point lying within this circle satisfies 1) ; 


for (+¥—a)’?+ (y—b)?=1 

is the equation of a circle of radius I with center at G, and we have 
(c—a)*+ (d—b)? <1; 

that is n[y—v] <I 


when and only when the point (c,d) lies within this circle. 

The graphical solution of our problem consists therefore merely 
in describing a circle of radius I around the point representing y 
and observing what lattice points fall within it. 

In the figure the point G represents the number y == 1+4— 137 
(see example above), and a circle of radius 1 described around 
G as a céefiter is seen to’ enclose the three points 2,, P., P,, repre- 
senting the integers I —1, 2—1, 1—2t. Moreover, no other in- 
teger point falls within this circle. 

The integers I —1, 2—1, I —2/ are all the values of » which 


satisfy the condition nfy—p] <1, 


the integer 1 —17, which is the one given by the method of selec- 
tion used in the proof, being represented by the lattice point near- 
est to.G. 

It is evident that the only possible values of w are those repre- 
sented by the vertices of the lattice square in which the point G, 
representing y, lies. 


wae 0. a5: 
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We see that two, three or four of these vertices will satisfy the 
required condition according as G lies in the unshaded, lightly 
shaded or heavily shaded portions of the square, the square being 
thus partitioned by describing from each vertex as a center an 
arc of a circle of radius 1. 

G,, G and G, illustrate respectively the first, second and third 
cases. G, and G, illustrate also the cases in which there are re- 
spectively two or four equally near lattice points (original method 
of selection is not unique). 

Returning once more to the theorem in its original form, we 
observe that it is equivalent to saying that for every integer B. 
different from 0, considered as a modulus there exists a complete 
residue system such that the norms of all the integers composing 
this system are less than n[B]. 

This interpreted graphically implies that if we describe around 
the origin a circle with radius equal to /[@], that is, passing 
through the point representing 8, there will be among the integers 
represented by the lattice points lying inside this circle a complete 
residue system, modulus B. 

Theorem A is equivalent to saying that we can divide a by B 
so as to obtain a remainder whose norm is less than u[f], the 
quotient being ». In this form its analogy with Theorem A in k 
is even more clearly brought out. It enables us to do for k(t) 
exactly what we did in R by means of Theorem A; that is, by an 
algorithm strictly analogous to that used in FR to find a common 
divisor, 6, of any two integers a and £, such that every common 
divisor of a and B divides 8. In other words, it enables us to 
prove that any two integers of k(1) have a greatest common 
divisor and to find it.’ 


For example; let the two integers be 112 +7 and —57 + 791. 


Wie fave = bie cs i eee aS 6305 — 8905# , whence #=— 1 —1, 
S77 ot 9490 
and tic +i— (—1—1) (—57+ 791) = — 244+ 23). 


*See Dirichlet-Dedekind: p. 430. 
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Likewise rote A ot _ 3185 —585t whence = 3—4i, 
— 24 -+ 231 II05 
and — 57 +791 — (3 —1) (— 24 +231) = — 8 — 14. 
Likewise —24 + 23% —— 130 — 5208 , whence #2 = — 1 — 2, 
—8— 14 260 
and — 24 + 231 — (— 1 — 21) (— 8— 141) =— 4— 71. 
Finally —8— 141 — 2, whence 43;=2 
as 
and — 8—.41 — (2) (—4—71) =0. 


Therefore —4—7i is the greatest common divisor of 112+7 and 
Sor avon | 

Instead, however, of proving the existence of a greatest common 
divisor of any two integers of k(t), we shall proceed as in R, 
and shall prove the following theorem of which the greatest com- 
mon divisor theorem is an immediate consequence. 


THEOREM B. Jf a and B be any two integers of k(t) prime to 
each other, there exist two integers, é and y, of k(i) such that 


agé + Bn=I. 


If either a or 8 be a unit, the existence of the required integers, 
E, y, is evident. We shall now show that, if neither a nor B be a 
unit, the determination of € and » can be made to depend upon 
the determination of a corresponding pair of integers &,, ,, for 
a pair of integers, a,, B,, prime to each other and such that the 
norm of one of them is less than both n[a] and Ansa 

Assume n[B]<n[a], which evidently does not limit the gen- 
erality of the proof. 

By Th. A there exists an integer pw such that 


n[a—pB] <n[B]. 
Then 8 and a—pf are a pair of integers, a,, B,, prime to each 
other and n[a—pf] is less than both n[a] and n[B]. 
If, now, two integers, &,, 7,, exist such that 


ac ac Bim ae 
that is, BE, + (a— 8) n= 1, 
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we have an, + B(é, — vm,) =a 


and hence E=y,, 9=—6—P"1- 


The determination of &,, y, for a,, 8, may, if neither a, nor B, 
be a unit, be made to depend similarly upon that of &, », for a 
pair of integers a,, 8, prime to each other and such that the norm 
of one of them is less than both n[a,] and 7[8,]. 

By a continuation of this process, we are able always to make 
the determination of € and y depend eventually upon that of én, yn 
for a pair of integers an, Bx, one of which is a unit. 

Since the existence of &, and yn is evident, the existence of € 
and y is proved. 

We shall see later that, although the proof here given of the 
unique factorization theorem depends upon Th. A, there are 
realms in which the unique factorization theorem holds but Th. 
A .does not hold. However, we shall see also that each of the 
three theorems B, C and the unique factorization theorem is 
necessary and sufficient for the validity of the other two. 

Cor. 1. If aand B be any two integers of k(1), there exists a 
common divisor, 8, of a and B such that every common divisor of 
a and divides 8, and there exist two integers, é and », of R(t) 


such that ag + Bn=6. 


The proof is the same as in R. 

We call 8 the greatest common divisor of a and B. 

Cor. 2. If a4, a,,+++,4n be any n integers of k(2), there exists 
a common divisor, 8, Of @4,4,++*,4n Such that every common 
divisor Of Q,,Q,,*++,Qn divides 8, and there exist n integers 
bbs, -*+3on. SUCH NOT 


@,€, + Ob. + roe + An€n =6. 


Tueorem C. /f the product of two integers, a and B, of k(t) 
be divisible by a prime number, x, at least one of the integers 1s 
divisible by m. 

Let a8 yz, where y is an integer of k(7), and assume a not 


174 THE REALM R(1). 


to be divisible by z. Then a and a are prime to each other and 
there exist two integers, é and », of k(i) such that 


ag ++ m= 1. 2) 
Multiplying 2) by B, we have 
Bag + Brn=B, 
and therefore a(yé + Bn) =B, 


where y& + By is an integer of k(1) ; hence 8 is divisible by 7. 

Cor. 1. If the product of any number of integers of k(t) be 
divisible bya prime number, z, at least one of the integers is divis- 
ible by x. 

Cor. 2. If neither of two integers be divisible by a prime num- 
ber, w, their product is not divisible by x. 

Cor. 3. If the product of two integers, a and B, be divisible 
by an integer, y, and neither a nor B be divisible by y, then y is a 
composite number. 

THEOREM 4. Every integer of k(t) can be represented in one 


and only one way as the product of prime numbers. 
Let a be an integer of k(1). Ifa be not itself a prime number, 


we have a= fy, ee, 


where B and y are integers of k(1) neither of which is a unit. 
From 3) it follows that n[a]—n[@]n[y], whence, since 


n[B] += 1 and n[y] +1, we have u[B] and u[y] <n[a]. 
If 8 be not a prime number, we have as before 


B=Biy1, 


where 8, and y, are integers neither of which is a unit, and hence 
n[B,] and n[y,] <[B]. If B, be not a prime number, we pro- 
ceed in the same manner, and, since n[B], n[B,], ~[B.],--- form 
a decreasing series of positive rational integers, we must after a 
finite number of such factorizations reach in the series B, B,, B.,--- 
a prime number z,. Thus a has the prime factor z,, and we have 


A==7,c,. 
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Proceeding similarly with a,, in case it be not a prime number, 
we obtain omens oe Ee 
where z, 1s a prime number, and hence 
A= 717,7,A5. 


Continuing this process we must reach in the series a, @,,Q,, -°> 
a prime number zp, since n[a], n[a,], n[a,],--- form a decreas- 
ing series of positive rational integers. We have thus 


O == 117.73 °° * Tn, 


where the z’s are all prime numbers; that is, a can be represented 
as a product of a finite number of factors all of which are prime 
numbers. 

It remains to be proved that this representation is unique. 


Suppose that A= pine ae 


is a second representation of a as a product of prime factors. It 
follows by Th. C, Cor. 1 from 


1 MoT, *** Tn = P1P2P3 °** Pms 4) 


that at least one of the p’s, say p,, is divisible by 7,, and hence 
associated with x, ; that is, p,«,7,, where e, is a unit. - Dividing 


4) by 7, we have — 777g +++ Tn == €1P2ps *** Pm. 


From this it follows that at least one of the remaining p’s, say p,, 
is divisible by z,, and hence associated with it. Thus p,—e7z,, 
where e, is a unit, and hence 


3 et a Tn ae €;€5P3 eee Pm- 


Proceeding in this manner, we see that with each z there is 
associated at least one p, and, if two or more z's be associated with 
one another, at least as many p’s are associated with these 7z’s, 
and hence with one another. 

In exactly the same manner we can prove that with each p there 
is associated at least one z, and, if two or more p’s be associated 
with one another, at least as many 7's are associated with these 
p's, and hence with one another. 
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Hence considering, as we always shall, two associated factors 
as the same, the two representations are identical; that is, if in 
the one representation there occur e factors associated with a 
certain prime, there will be in the other representation exactly e 
factors associated with the same prime. 

We can now evidently write every integer, a, of k(7) in the form 


ee em, “1° se 6 Tn", 


where 7,, 72, +--+, are the unassociated prime factors of a, and e 
a suitable unit. Moreover, this representation is unique. 

Cor. 1. If a and B be prime to each other and y be divisible 
by both a and B, then y is divisible by their product. 

Cor. 2. If aand B be each prime to y, then aB is prime to y. 

Cor. 3. If a be prime to y and aB be divisible by y, B is divis- 
ible by y. 

We have seen that the divisibility of n[a] by n[B] is a neces- 
sary condition for the divisibility of a by 8. We shall now show 
that it is only when either a or B is a rational integer that the 
condition is also sufficient. 


pe Pio P2 .., ar Pk = 7 ES te Oe 
Let C227 rm B70, pt. 0. 


be representations of a and B as products of powers of their dif- 
ferent prime factors, y, and ng being units. 


From nla] =m-n[B], 


where m is a positive rational integer, it follows that 


eT epee 


a Pie Po... oe Ph woe PP lay 12 Ph AP LAO Bie Cee fad ‘“ 
a ene a eee ete ea te Pret 


from which we see that each prime, pi, of the set p,,p.,-+-,p, 18 
associated with one of the z’s or with one of the w’’s, say mj or 7;’, 
and that r; > p;. In order that a may be divisible by B we must 
have every p associated with an unaccented , which will not be 
in general the case. When, however, a is a rational integer we 
have aa’, and this condition is satisfied, and hence @ divides a. 

If 8 be a rational integer it is easy to see likewise that, when 
n[a] is divisible by n[B], a is divisible by B. 
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ae 


Sg. Classification of the Prime Numbers of F(:). 

Every prime, z, of k(i) divides an infinite number of positive 
rational integers; for example, [7] and its multiples. Among 
these positive rational integers there will be a smallest one, p, 
and p will be a rational prime number, for if p be not a prime, 
that is, if p—=p,P., » would divide either p, or p,, and hence Pp 
would not be the smallest rational integer that 7 divides. In 
order, therefore, to find all primes of k(1) we need only examine 
the divisors of all rational prime numbers considered as integers 
of k(1). 

Moreover it is evident that no prime of k(1) can divide two 
different rational primes, for then it would divide their rational 
greatest common divisor, I, and hence be a unit. Therefore every 
prime of k(1) occurs once and but once among the divisors of 
the rational primes considered as integers of k(t). 

We have seen already that there are rational primes, as 3, 
which are also primes of k(i), and other rational primes, as 5, 
which are factorable in k(7). Denoting then by p the positive 
rational prime that 7 divides, we have 


p74, 1) 
and hence p?=n[r]n[a]. 
We have then two cases 
rel emmy i n[r|=?’, 
ae =e: - ce ly 


i. From n[x]==7n'=p and 1) it follows tat a=. i 
7—=a-+ bi, we have then 
pH=a?+ dD’. 
Assume p= 2; then either a or 0 must be odd and the other 
even and therefore p=1, mod 4. 


Hence when a positive rational prime other than 21s the product 
of two conjugate primes of k(t), tt has the form 4n -+ I. 
When p=2, we have 
a= (1+i)(1—-i), 


12 
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and hence 2==i(1—i)?; 
that is, 2 1s associated with, and hence divisible by, the square of 
a prime of k(t). 

ii. Since [a] =I, a is a unit and hence p is associated with 
the prime 7; that is, p is a prime in k(t). Hence a rational prime 
p is either a prime of k(7) or the product of two conjugate 
primes of k(t). 

When # is a prime of the form 4n—1 it is always a prime in 
k(t), for we have seen that p is factorable into two conjugate 
primes of k(7) only when it is 2 or of the form 4n +1. 

To prove now that every rational prime of the form 4n +1 can 
be represented as the product of two conjugate primes of k(1) 
we observe that from 

p =I, mod 4, 
it follows that the congruence 
4? =— 1,mod p, 
has roots. Let abearoot. Then 
a? = — 1, mod fp, 
and hence (a+1)(a—t) =0, mod p. 


Since a+ 17 and a—z1 are integers of k(1), the integer p, if a 
prime of k(1), must divide either a+7 or a—1. This is how- 
ever impossible, for from 


a+ti=p(c+tdt), 
where c + di is an integer of k(1), it would follow that pd=-+ 1, 
which can not hold since f and d are both rational integers and 
p>. Hence p is not a prime in k(1), and since the only way in 
which a rational prime can be factored in k(1) is into two conju- 
gate prime factors, p is factorable in this manner. 

Collecting the above results, we see that the primes of k(1) 
may be classified in the following manner, according to the rational 
primes of which they are factors. 

1) All positive rational primes of the form 4n-+-1 are factor- 
able in k(i) into two conjugate primes, called primes of the first 
degree. 
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2) All positive rational primes of the form 4n—1I are primes 
in k(t), called primes of the second degree. 

3) The number 2 1s associated unth the square of a prime of 
the first degree. 

It will be observed that the norm of every prime z of k(t) is 
a power (first or second) of a rational prime and that the degree 
of w is the exponent of this power. 

Moreover, we notice that 2 is the only rational prime that is 
divisible by the square of a prime of k(t) ; for, if this were true 
of any other rational prime of the form 4n +1, we should have 
m7 associated with 7’, and hence 


a+ bi=a— bi, —a+ bi, b+ a or —b—ai, 


which give ao, 00, or a===L), all of which are seen to be 
incompatible with p= a? + b?. 

§ 10. Factorization of a Rational Prime in k(1) determined 
by the value of (d/p). 

The rational primes may be classified with regard to their 
factorization in k(2) in the following manner: 

1) Those of which the discriminant is a quadratic residue are 
factorable into two conjugate primes in k(1), called primes of 
the first degree. For (d/p)=1 implies p—=4n-+1, since 
d == — 4, and we have seen that all rational primes of this form 
are thus factorable in k(7). 

2) Those of which the discriminant is a quadratic non-residue 
remain primes in k(t), called primes of the second degree. For 
(d/p) ==—1 implies p=—=4n-+ 3, and we have seen that all 
rational primes of this form remain primes in k(t). 

3) Those which divide the discriminant (expressed symbol- 
ically by (d/p) =0) are associated with the squares of primes 
of the first degree in k(t). 

Evidently 2 is the only rational prime which divides the dis- 
criminant of k(t) and we have seen that 2=-i(1—17)*. The 
following table expresses the above results: 


0 (Jon poo 
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2) (5)= I ae, | 
p ety ’ p= ph, 


3) (5) =0, pen’. 


Ex. Show that, if a, =a-+ bi, be any integer of k(7), such that a 
and b have no common rational divisor, and c be any rational integer 
divisible by a, then c is divisible by [a]. 

§ 1x. Congruences in k(7). 

Exactly as in the case of rational integers, we say that two 
integers a, B, of k(1) are congruent with respect to the modulus, 
ph, if their difference be divisible by pw, and write 

a==B, mod p. 

The laws of combination that were proved for congruences in 
F hold here. 

We can now divide all integers of k(7) intoclasses with respect 
to a given modulus, p, putting two integers in the same class or 
different classes, according as they are or are not congruent to 
each other, mod ». We shall show that for any given modulus p 


there will be n[u] such classes. To do this we shall need the 
following theorem: 


THEOREM 5. There exist among the multiples of any integer 


be, Of R(t) two, t4,==ao,, ts, == bo, + Cws, such that every multiple 
of w can be expressed in the form 
Lu ae Loto, 

where a,b,c,l,,1, are rational integers and w,, 0. 1s a basis of k(1). 

Suppose all multiples of » to be written in the form 

t= ,0, + Ayu, 

and consider those in which a, =~o. 

Among them must be some in which a, is smaller in absolute 
value than in any of those remaining. | 


Let 4, = bw, + cw,, be one of these; then c will divide the 
coefficient a, in every multiple of »; for, if this be not the case, 


‘This indicates that p is unfactorable in the realm under discussion. 
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let B, =b,w, + ¢,0., be a multiple of « such that c, is not divisible 
by c, and let d be the greatest common divisor of ¢ and ¢. There 
exist two rational integers e, e,, such that 

ec-+ é,c,=—d, 
andhence y= éy + ¢,8 = (eb + ¢,b,)o, + do, 
is a multiple of » in which a, is less in absolute value than c, but 
not o. But this is contrary to our original hypothesis. Hence 
we have lo le, 
where /, is a rational integer, and hence 

t— 1,1, == (a, —1,b) 0}. 

Consider now those multiples of » in which a, =o, but a, =-o. 

There will be some among them in which a, is less in absolute 
value than in any of those remaining. 

Retr, -——do;, be one.oF tese. 

It is seen as above that a is a divisor of the coefficient a, in 
every multiple of » in which a,=0, a,=--0. We have, therefore, 
since (a, —/,b), is a multiple of » belonging to this class, 

1— Iu. = (a, — 1,5) o, = 1,4, 


where /, is a rational integer, and hence 


ot 
Any pair, py, 2, of multiples of », such that every multiple of p 
can be written in the form : 
1, py Tt Mopes 


where 1,,”t, are rational integers, we call a basis of the mul- 


tiples of p. 

The pair of multiples of p, aw,, bw, + Cw,, selected as above, 
and in which in addition a and ¢ are positive, is called a canonical 
basis of the multiples of wp. 


THEOREM 6. If p,m. be a basis of the multiples of p, the 
necessary and sufficient condition that 


py == Aypy + Apo, 
po™ am yey a6 Dopo; 
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where a,, a., b,, b, are rational integers, shall be also a basis of 
the multiples of p is 
ha. a. 
|b, B, | 
The proof of the theorem is the same as that of Th. 2. 
THEOREM 7. If. 


=I. 


Py == 4,0, + Ao, 
Pz == bo, + Dyw., 
be any basis of the multiples of p, then 


It is evident from the last theorem (see proof of Th. 2) that 
the absolute value of the determinant 


4, a, 
Lb, by | 


is the same for every set of basis numbers of the multiples of p. 
Hence we need only determine its value for some particular basis. 


The integers p==a, + at, 


pi = — a, a a,t, 
constitute a basis of the multiples of w, and 


a, a,| . : 

bees: Ca [ i. 
de 1 + 4, [v] 
Hence the theorem is proved. 


THEOREM 8. Jf pw be any integer of k(t), the number of num- 
bers in a complete residue system, mod p, 1s n[p]. 

Let aw,,bw,-+ cw, be a canonical basis of the multiples of p 
and consider the system of integers 


1.0) rs “++ a—TI, 
to, +20 4 ook ; t 
U0, 1,-°:/6— 1, 
which are evidently ac, —n[], in number. 


We shall show that the integers 1) constitute a complete residue 
system, mod up. 
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First, each of them is incongruent to all the others, mod yp, for 
if 11,0, + V,0., Uw, + Vow, be any two of them, and 


U,0, + Vw, = Uw, + V202, mod p, 
then (Uy — Uz) wo; Be (UV; — V2), ==0, mod g, 


and hence, since c is the greatest common divisor of the coeffi- 
cients of w, in all multiples of p, 


UV, — Vp =0, mode. 
But v, and v, are both less than c; hence 
U2). 
It follows that w,(u,—uj==0, modyp, 


and hence, since a is the greatest common divisor of the coefficient 
of w, in all multiples of » in which the coefficient of , is 0, 


U, — Uy ==0, mod a. 
But u, and u, are both less than a; hence 
4 
Thus U0, + Vy, = U0, + Vou, 


and the numbers 1) are seen to be incongruent each to each, 
mod ». Moreover, every integer of the realm is congruent to one 
of the integers 1), mod pw. For, let 


wo = tw, + tw, 
be any integer of k(7), and let 


i ic Ets, 


where m and r, are rational integers and 7, satisfies the condition 
O21, <0. 
Also let t, —mb=—na-+7,, 
where and 1, are rational integers and r, satisfies the condition 
O= 0 U. 
Then to, + t,o, == (mb + nat+r,)o, + (me + 7, )o. 
= Naw, + mM(be, + Cw) + 1,0, + Pos } 
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and hence t,o, + tw, =7,0, + 7,0,, mod p, 


where 7,0, + 7.0. is one of the integers 1). Hence every integer 
of the realm is congruent, mod p, to one and but one of the 
integers I). , 

The integers 1) constitute, therefore, a complete residue system, 
mod p, and being [y] in number the theorem is proved. 

We can construct a complete residue system for any modulus, 
pu, by means of the method employed in the above proof. Taking 


I, 7 as a basis, we let p=m(p+qt), 


where m is the largest rational integer that divides p, p and q 
being consequently prime to each other. 
It is easily seen that m(p?-++q?) is the rational integer of 
smallest absolute value divisible by »; that is, 
Sore LN i ga? 
Since Cet a mt pg?) 
we have therefore c==™m. 
Hence the n[p] integers 
a eee ) 2 2 —_ 
eee | Oe a) ee 
V=O0,I,---,;m—TI, 
is a complete residue system, mod p. 
Bx” Let M=3+61= 3(1-+4 22). 
Then == ee CO 
The following 45 integers constitute a complete residue system, 
mod 3+ 61, 
as | 2 3 4 5 6 7 
ee eee ee eee es. akg 
2a I+2) 2t+t22 3+21 4+2) 5+21 6+21 7+21 
8 9 ite) II iz 13 14 


8+i o+7 t0o+27 w+tt 124% 1347 14424 
8t2aot+2i wot2i r+2i 12+21 13+2 14+ 21. 
We can thus obtain a complete residue system with respect to any 
modulus by means of the method employed in the above theorem. 
There are two important special cases which deserve mention. 
i. [If p=p+qi, where p and gq have no common divisor, the 
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integers I, 2, ++, P? + @?, =n(m), form a complete residue S\S- 
tem, mod p. 
ii. If pm, a rational integer, the m? imtegers 
RO, Tes, |G 
y=0, I, «++, |m|—I, 


x+y, 


form a complete residue system, mod m. 
Ex. 1. Prove i and ii without making use of Th. 8. 
Ex. 2. Show that a==, mod ¥, implies a’ = 87 mod 5 Ae 
All integers belonging to the same residue class, mod p, have » 
with p the same greatest common divisors; for from 


a==B, modyp, 
it follows that a= B+ vp, 


and hence every common divisor of @ and p is also a divisor of a 
and every common divisor of a and p is a divisor of B. 

In particular, if one number of a residue class be prime to the 
modulus, , all other numbers of the class are prime to p. 

A system of integers incongruent each to each with respect to 
a given modulus, », and prime to p is called a reduced system of 
incongruent numbers, mod p, or a reduced residue system, mod p. 
Thus the numbers 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 constitute a complete 
system of incongruent numbers, mod I + 32, and I, 3, 7, 9 con- 
stitute a reduced system to the same modulus. 

S12. The ¢-Function in k(1). 

Just as in R, we understand by o(), where p is an integer of 
k(i), the number of integers in a reduced residue system, mod p. 


We have lel 1, 
where ¢ is any unit of k(i), and, as may be easily seen, 
$(r) =n[r] —1, 
where z is a prime of k(2); for example, ¢(2 +!) =4, since 


I, 2, 3, 4, 5 constitute a complete residue system, mod 2+ 1, and 
all these integers except 5 are prime to 2 -+ i. Likewise 


o(1 + 3!) =4, 
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since I, 2, 3, 4, 5, 6, 7, 8, 9, 10 constitute a complete residue sys- 
tem, mod 1+ 31, and of these integers only 1, 3, 7 and 9g are 
prime to I + 31. : 

To get a general expression for ¢(y) in terms of p, we may 
employ any one of the three methods used to obtain the corre- 
sponding expression in R. 

We shall sketch the proof briefly, following the third method 
used in K (see Chap. ITI, § 4). 

The completion of this and the two remaining proofs will serve 
as exercises. 

THEOREM 9. If a=fy, where B and y are, any integers of 
k(i), there are in a complete residue system, mod a, exactly n(y) 
numbers that are divisible by B. 


Let Yi» Yoo °° *s Yn(y) I ) 
be a complete system of incongruent numbers, mod y. The num- 
bers By, Byo °-°s Byniy) 2) 


are incongruent, mod a, for if 

Byrn = Byi, mod a, 
then va == Yt, mod y. 
which is impossible. 

Moreover, every integer 88, divisible by B is congruent to some 
one of the numbers 2), mod a; for 8 is congruent to some one, 
say yi, of the numbers 1), mod y, and from 

§=yi, mod y, 
it follows that 88 = Byi, mod a. 
Since, also, every integer congruent, mod a, to one of the num- 
bers 2) is divisible by B (see §11 and Chap. III, § 1, ix), and the 
numbers 2) are u(y) in number, there are in every complete 
residue system, mod a, exactly n(y) numbers that are divisible 
bv 8. 


THEOREM I0. If x be any prime of k(1), 


62") =nlom(1 — 1. J) 
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From the last theorem we see that among the n[z™] numbers of 
a complete residue system, mod 7”, there are exactly n[x™*] that 
are divisible by 7, and hence n[a™]—n[x™"] that are prime to 


rs that is (2) nl") ( 1. a) 


To derive the general expression for ¢(~) we have now to 
prove the theorem for k(7) corresponding to Pha, Chap. El 


THEOREM I. If py; poy +++, Ms be integers of k(t) prime each to 
each b (pipe ++ bs) = (Hr) P (M2) -++ b(ps)- 
Ex. We have —3+1= (1+ 31) (3421), 


where 1-+ 3i and 3+ -2i are prime to each other. 
Hence ¢(—3+ 111) = (1 + 31)6(3 + 2!) =4-12= 48. 
The proof of this theorem depends directly upon the following 
theorem which can be proved exactly as in R (Chap. III, § 14): 
THEOREM 12. If Ticats 
where py po» +, Ps are integers of k(t) prime each to each, and 


if A4,Q,°*,4s be any integers of k(i), there exist integers, »w, 
such that 


w ==, mod p,, » =A, MOd py, +++, 0 = As, mod ps, 

and all these integers are congruent each to each, mod p. More- 
over w == 0,8, + 4.82 + +--+ + Bs; mod p, 
zhere 
Bi =1, mod pi, and Bi ==0, mod py °*> pi-aMisr “7° Bs» (es 

We can now obtain easily the general expression for ¢(p), pb 
being any integer of k(t). 

THEOREM 13. Jf p be any integer of k(1) and 1,7, °°+, 7 the 
different prime factors of p, then 


dts ( = rea, ( = ve e (: - eal 


1 Heese ate al eee tne 
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By Th. 11 we have 
$(u) = (71%) h (9%) «++ h(a"), 
from which by Th. 10 it follows that 


$(u) =n[ m4] ( ae ) hed ( = ne 


and: hence that 


pele) aa) (1 — ag) 


Ex. We have 
— 201 — 43! = (1 +7) (2+. 1)*(3 + 27)? 
and hence ? (— 201 — 43/) 


=F 21) (: a Rete ) ( = ERT ) - ( ame GS ) 
= 42250 -4. 4.42, 


= 15600. 


THEOREM 14. I/f 8,,8,,---,8, be the different divisors of p, then 


© $(8.) =n[n]. 


For proof see corresponding theorem in R (Chap. iil Eh, 6). 


Ex We have 3 > tie (a ye a) 3) 

The different divisors of —3+ 117 are 1, 1 +i, 2+, 3+2i, 1+ 3), 
1+ 57, 4+71, and —3-+11/, and for these the corresponding values of - 
? are I, I, 4, 12, 4, 12, 48, 48, whose sum is seen to be 130, = n[—3+ 117]. 

$13. Residue Systems Formed by Multiplying the Numbers 
of a Given System by an Integer Prime to the Modulus. 


EEOREMCIS. <1 ao aia) be oa complete residue system, 
mod p, and a any integer prime to Hy then py, aps, +++, Abney] 
is also a complete residue system, mod ML. 

The integers ap,, Gps, +++, Qpen{u} are incongruent each to each, 
mod pw, for from 

Ani =An;, mod p, 
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it would follow that, since a is prime to p, 
pi == pj, Mod p, 


which is contrary to the hypothesis that py, Mo. ***s Malu form a 
complete residue system, mod p. The integers @p,, Ape, +++, tMntu) 
are, moreover, 7[] in number. They form, therefore, a complete 
residue system, mod up. 

Cor. If pyspor***> pou) be a reduced residue system, mod p, 
and a be prime to p, then ap,,Aps,***,Apgcu) 18 also a reduced 
residue system, mod pw; for Apj,Aps,°**,Apecu) are incongruent 
each to each, mod p, prime to » and $() in number. 


$14. The Analogue for k(7) of Fermat’s Theorem. 
A theorem analogous to the generalized Fermat’s theorem for 
rational integers can be proved for the integers Of Ble) that is, 


TueoreM 16. If p» be any integer of k(t) and a any integer 
prime to p, then ao) ==1, mod p. 
Let a,,@,°**;44(u) be a reduced residue system, mod uw; then 
AM, AAs, +**, Ahb(n) 
is also such a system (Th. 15, Cor.). 
since AA,,AAs, ***,AAb(u) 
and fe Bie Pee cor 08 von, 


are both systems of this kind, each integer in the one system must 
be congruent, mod p, to one and only one integer in the other sys- 
tem, though perhaps in a different order; that is, 

Ad, = dk, 


. . ; mod pp. 


AL (w= Ak gy 
Hence 
ara d, 89 hb(yy SOK, Ak, °° Ak guy? mod p, 


and since Aye °° Ag(u) An, Ak, * Akg yy? 
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and is prime to p, we have 
at“J==7, mod p. 
Cor. 1. lf « be a prime and a any integer not divisible by =, 
then a7t=)* 37 mod. 


This is the analogue of Fermat’s Theorem. 
Cor. 2. If a be a prime and a any integer of k(i), then 


avl=l==q, mod. 


ext Let w=1+ 21, and a=1+1; 
then (1 + 4)¢0+24)—. 7, mod 1-+ 21, 
or (1+1)*>—4==1, modi4 21. 
Tee Oc et —1-+ 3: and a==3: 
then 3¢0+%) — 1, mod 1+ 31, 
or 81 ==1, mod 1 + 3}. 


Ex. 3. If @ and » be any two integers of k(i) and a=ad, u— 4,0, 
where 6 is the greatest common divisor of a and #, show that the necessary 
and sufficient condition for 


gq? (Pt a, mod #, 


is that x, be prime to 64. 


§15. Congruences of Condition. 

The remarks at the beginning of §9, Chap. III, apply equally 
to congruences in k(1), and the theory of congruences of con- 
dition in k(t) can be developed in exactly the same manner 
as in R. 

In k(t) the coefficients of the polynomials are any integers 
of k(t). 

With this change we can show that a polynomial in a single 
variable # can be resolved in one and but one way into prime 
factors with respect to a modulus which is a prime of k(2), and 
upon this theorem build a theory for congruences in one unknown 
just as in R. 

The theories of power residues, binomial congruences and in- 
dices may be developed similarly for the integers of k(1). 
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$16. Two Problems. 

We shall now discuss briefly two problems which are of interest 
in the theory of numbers, the first being especially famous. They 
can be solved without making use of numbers other than those 
of R, but their solution is greatly assisted by the introduction 
of the realm k(12). 

Problem 1. To represent a rational prime as the sum of two 
squares.i—Let p be a rational prime and suppose the desired rep- 


resentation possible. Then 
p=a? +b’, 
and hence p= (a+ bt) (a— D1) ; 


that is, the representation is possible when and only when is the 
product of two conjugate primes of k(t). Hence 

i. No prime of the form 4n-+ 3 can be represented as the sum 
of two squares, since a prime of this form is a prime in k(t). 

ii. The number 2 and every prime of the form 4n-+1 can be 
represented as the sum of two squares. 

Moreover, this representation is unique, for if we have two dif- 
ferent representations 

p=a’?+ 0? and p—a,?+ D,?, 
then 
p= (a+ bt) (a—bt) and p= (a,+ b,t) (a, — 8,1) ; 

that is, p would be factorable in two different ways into prime 
factors in k(7), which is impossible. Hence 2 and every prime 
of the form 4m -++ 1 can be represented in one and only one way as 
the sum of two squares, but no prime of the form 47+ 3 can be 
so represented. 

Problem 2. To represent any positive rational integer, m, 
as the sum of two squares. 


Let — DP. cvs pr°G1 qo"? rie Gs 
where ),, fo, ---, Pr are rational primes of the form 4n-+1 or 2, 


*Fermat: Works, Vol. I, p. 204 
For solution of this problem without the aid of k(1) see Dirichlet- 
Dedekind: § 68; also Mathews: § gt. 
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two or more of which may be alike, and q,,q.,---,@e rational 
primes of the form 4 + 3, that are all different from one another. 
If the representation be possible. 


m=a? + $?; 
and hence m= (a+ bi) (a— dr). 
The representation is therefore possible when and only when we 
can factor m into two conjugate factors in k(t). The necessary 


and sufficient condition for this is that all the ¢’s be even, in which 
case we have, if 


Ps —— 171, p cane Tos ree, pr — Trlr, 
if { param (277, 0.05.6. rg, "/2q,42/? ‘see Gy/*) >< 
eit , »/2 be /2 
(ary! +++ ay Gg rue )- I) 


Hence if a positive rational integer, m, contain a prime factor 
of the form 4n-+ 3 an odd number of times, m cannot be repre- 
sented as the sum-of two squares. In all other cases the repre- 
sentation 1s possible. 

Moreover, supposing the factorization 1) to be possible, it can 
be effected in general in several different ways, as for example, 


a cae CAL 2 ee mrg,/7q,'2/? ees qa'*/*) x 
(1% 2" ++ wr q,/7q,'2/? ite qs**/?), 
and since each of these factorizations yields a different represen- 
tation of m as the sum of two squares, the problem can be solved 
in exactly as many different ways. 

If m= 2"p,%p,%-- + p,°rg,4q,'2---qet*, where the p’s are primes 
of the form 4n-+-1, all different, the q’s primes of the form 
4n + 3, and the t’s all even, then, if N be the number of different 
ways in which m can be represented as the sum of two squares, 
we have N==4(e,+ 1) (eg +1) (er-+1) orf (ey +1) (ep +1) 
---(é@--+1) +4 according as some or none of the e’s are uneven. 
(See Gauss: Disq. Arith., V, 182.) 

Ex. 65 = 13-5= (1+ 27) (1 — 27) (2+ 31) (2— 31), 

= [(1 + 21) (2+ 31) ] [C2 — 2) (2—37)], 
= (—4471) (—4—-7) =F +7, 

or = [(1 + 21) (2— 31) ] [C1 — 21) (2 + 31) ], 
= (8+i)(8—i) =84r 


Thus 65 can be expressed in two ways as the sum of two squares. 
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§17. Primary Integers of k(7). 

When an integer, a, plays the role of divisor it is unnecessary 
to distinguish between its associates. This is, however, not the 
case when a@ is combined with other numbers by the operations 
of addition or subtraction. For example, when a. is the modulus 
of a congruence we may consider a to be any one of its asso- 
ciates, but when a is a coefficient some particular one of its asso- 
ciates must be designated. This distinction between the associates 
of a is the same as that made in the rational realm between a 
and —a. 

There, for example, the quadratic reciprocity law is given for 
positive primes, since although we have always 


()-(4) 


we do not have in general 


()-() 


An integer so singled out from its associates according to some 
prescribed rule is called a primary integer. 

This rule of selection should evidently be such that the product 
of any two primary integers is primary; that is, if a and B be 
the integers selected as primary from a,—a,ia,—v1a and B, — 8, 
18,— 1B, respectively, then a8 should be the integer that ac- 
cording to the same rule should be selected as primary from 
aB,—aB, 1aB,—1ap. 

Gauss gives two rules of selection, both of which obey the 
principle just enunciated. The first rule is based entirely upon 
this principle, the second partially. Gauss makes use of the sec- 
ond rule and this one will now be described. 

The rule will be given here without employing the above men- 
tioned principle, and will then be shown to obey it. 

We first divide the integers of k(1) into two classes according 
as their norms are odd or even, those of the first class being called 
odd integers, those of the second class even integers.? 


*Bachmann: Die Lehre von der Kreisteilung, p. 152. 


13 
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If n[a + bi], =a? + b?, be odd, it is evident that either a or J 
is odd, the other even. 

If n[a-+ bt] be even, a and 0 are both odd or both even. 

Every prime of k(t) except 1 +7 is evidently an odd integer. 
Since I +72 and I —z7 are associates, it is evident that n[a] divis- 
ible by 2 is not only a necessary but a sufficient condition that a 
shall be divisible by 1 +1. 

We see, therefore, that a necessary and sufficient condition for 
an integer of k(1) to be even ts that it shall be divisible by 1 + i. 

The selection of one of the four associates of an integer is now 
made as follows. Considering first only the odd integers of k(1), 
we have the following rule: 

That number x + 41 of the four associated odd integers 


at bi, —a—bi, —b+ ai, b—am I) 
is singled out as primary in which we have simultaneously either 
8 1; v= 
\, mod 4, 2) 
or +=—I1; y=2 


where « denotes the real part and y the coefficient of 1. 

That one and only one such integer exists in the group I) is 
shown as follows. Since a+ bi is an odd integer, a and b can 
neither be both odd nor both even. Suppose a even, 0 odd. 
Then one of the integers, b or —), is of the form 4n-+1, the 
other of the form 4n —1. 


If now a==0, mod 4, 


that one of two integers, b—ai,—b-+ at, will be primary in 
which the real part has the form 4n + 1. 


If a==2, mod4, 


that one of the integers, b—ai,—b+ ai, will be primary in 
which the real part has the form 4n—TI. 
It is evident in both these cases that none of the remaining 
associates satisfy the conditions. | 
Similarly we see that when a is odd and b even, one and only 
one of the four associates 1) satisfies 2). 
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If a be a rational integer, that one of the integers, a,—da, is 
primary which has the form 4n+1. The negative rational 
primes prime in k(i) are thus seen to be primary. Two conju- 
gate odd integers are evidently either both primary or both non- 
primary. It can be easily shown that the above rule of selection 
is equivalent to the following: 

That one of four associated odd integers is primary which ts 
congruent to I, mod 2-4 21. 3) 

Ex. Of the four associated odd integers 

9+ 12t, —g—I2i, 12—9t, —12+ 91, © 
9+ 12% satisfies the conditions 2); for we have 
Q==I1 and 12==0, mod4. 

Hence 9 + 121 is primary. 

We also see that 9+ 12i==1, mod2-+ 2. 

It is easily seen that 9-+ 121 is the only one of its associates which 
satisfies the conditions 2) or their equivalent 3). 

Since every prime of k(1) except 1-++7 is an odd integer, we 
can now distinguish between the associates of every prime except 
1-+12. In the case of I + 7% we may take any one of its associates, 
say 1+%, as the primary one. The primary primes of k(t) 
whose norms are less than 50 are 

1+i, —1+ 21, —1—21, —3, 3+ 21, 3—21,1+41, I1— 4}, 
—5 +21, —5—2i, —1+ 61, —1— 61, 5+ 41, 5 — 41, —7. 

Remembering that a necessary as well as sufficient condition 
for an integer, », to be even is that it shall be divisible by 1 +1, 
we can distinguish between the associates of » by taking that one 
as primary which when written in the form (1-+1) has the 
factor v, which is an odd integer, primary. We shall now show 
that the product of two odd primary integers is a primary integer. 

Let a, =a-+ 01, and B, ==c-+ di, be any two odd primary in- 
tegers. Then one of the following cases must occur. 


a 
b=o b= oO b= 2 = 2/ . 
-, mod 4, 
c=rI C==—] C= I c=>—I 
=0 d= 2 d= oOo d= 2) 
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and aB—= (ac— bd) + (ad + be)ie-+ fi, 
gives one of the following corresponding cases: e 
i ii. ili, iv. 
C= I =— I e=—I. CI 
\ , mod 4. 
f=o f= 2 = 2 f=o 


Hence af is always an odd primary integer, if a and B be odd 
primary integers. This may be shown more simply by means of 
the condition 3). 

From this it follows at once that the product of any two pri- 
mary integers is primary. We may now express the unique fac- | 
torization law for the integers of k(7) as follows: 

A primary integer can be resolved in one and only one way into 
a product of primary prime factors. 

The term primary integer is generally taken to mean what is 
here called an odd primary integer. 


$18. Quadratic Residues and the Quadratic Reciprocity Law 
me) 

If a and p» be any integers of k(i) prime to each other, we say, 
as in Je, that a is a quadratic residue or non-residue of pm accord- 
ing as the congruence 

4? =a, mod p, 
has or has not roots. 

Ex. 1. The congruence 


o 


eT mod i 2, 
has the roots + 2; for 
(2 2) ht, mod 1 
since 4— (141) =3—1t= (1 +1) (i — 21). 
Hence 1 +7 is a quadratic residue of 1 —2zi. 
Ex. 2. On the other hand the congruence 


a” == 3, mod I — 2i, 


has no roots, for substituting the integers +1, + 2, of a reduced residue 
system, mod 1 — 2/, we have 


153 
4&3 


*See Gauss: Theoria Residuorum Biquadraticorum, §§ 56-60; Works. 
Vol. 2, pp. 126-130. 


, mod I — 21, 
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Hence 3 is a quadratic non-residue of 1 — 2z. 

The theory of quadratic residues can be developed for k( 1) 
along lines so nearly identical with those for the same subject in 
the rational realm that only the briefest outline will be given here. 

We have, as before, two questions to answer: first, what in- 
tegers are, and what are not, quadratic residues of a given modu- 
lus; second, of what moduli is a given integer a quadratic residue 
and of what moduli is it a non-residue? 

The first question can be easily answered. The second is much 
more difficult. We shall confine ourselves in what follows to the case 
where the modulus is a prime 7. We observe first that every odd 
integer of k(i), that is, every integer prime to I -- i, is congruent 
to 1, mod 1 +i, and hence is a quadratic residue of I +1. 

For 7, an odd prime, we have the following theorem, the proof 
of which is like that of the corresponding theorem for rational 
integers (Chap. IV, Th. 1). 


Tueorem 17. The necessary and sufficient condition that a 
shall be a quadratic residue of x 1s that 


7) = I, mod7z. 
Ex. 3) Let w= 1-28, a a toe 


n{wj—1 
(peg) te Se) ot ee 


Hence 1-+2 is a quadratic residue of I — 21. 


Ex. 4. Let r=1—2i, a=3. We have 
n[{mj—1 
Ro ae Od 
Hence 3 is a quadratic non-residue of 1—2i. These results are con- 
firmed by Ex.’s 1 and 2 above. 
Cor. The integer a is a quadratic residue or non-residue of = 
according as we have 
n{wrj|—l1 
2 1 
a ==] or —I, mod. 
Let now, as in the rational realm, the symbol (a/7) have the 


‘eece Chap 1 V. Ih 7,..Cor. 4. 
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value I or —1 according as a is a quadratic residue or non-residue 
of x, we have 


a n[ a j—l 
(*) =a a OG aa 


The symbol (a/z) obeys the following laws 


ee Bs 
4 r 
ii. (42) = (4) (%) 
4 4 74 
ii. Since = =( ) = I, 
ae 
()=(9 


iv. Since 


)=(; 
weave (= *) = (=) 
) 


it follows that 


v. Since 
implies y’ =a’, mod7’, 
we have 

(7) =(5) 
Sy eee a 


Every integer a can be written in the form 
A= (1+ 1)*pipe -** pn, 
where r 0, I, 2 or 3, sO or a positive integer, and p,, po, 
We have then 


Marry tT 


are odd primary primes. 


i) 


and the determination of the value of (a/) is seen to be resolved 


into the determination of the values of 
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(2) (ana (2). 


where p is an odd primary prime. 

The close similarity between this resolution of our original 
problem into simpler ones and the corresponding case in the 
rational realm should be noticed. 


THEOREM 18. The unit i 1s a quadratic residue or non-residue 
of a prime mw according as n[{r] ts of the form 8m -+ 1 or &m-+- 5. 

If z be a prime of the first degree, m[z] is a positive rational 
prime of the form 4k-+1, and hence either of the form 8m-+1 
or 8m-+ 5. 

If x be a prime of the second degree, n[z] is the square of a 
rational prime of the form 4k + 3, and hence of the form 8m + I. 

We have from Th. 17 


z n[ aw ]—1 
eG )= 22 NOG te, 


Zz n[x]—1 
and hence @ne Ao ec OG ae 


: n{ wx j—1 
OESSINCE (— 1) 4 


= l1Ior-—iI 


(et-o"h 


But (1[2] —1)/4 is even or odd according as n[x] is of the 
form 8m-+1 or 8m+ 5. 

Hence (1/r) ==1 or —1 according as n[x] is of the form 
8m +1 or 8m-+ 5. We observe that 7 is a quadratic residue of 
all primes of the second degree. The solution of the same ques- 
tion for I +7 is obtained by Gauss inductively as follows :* 

We find by means of Th. 17 that 1 +7 is a quadratic residue 
of the following primary primes —1-+42i, 3—21, —5—2l, 
—I—6i, 5+ 41, 5—41, —7, 7+21, —5+61, etc. and a 
quadratic non-residue of —1—2i, —3, 3+ 21, 1+ 41, I—4!, 
eee tO de ke Gg 
5—8i,9+ 41, 9>— 4), etc. 

*Th. Res. Biquad., Com. Sec., § 58; Works, Vol. II, p. 128. 
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Examining these series of primes we see that those in the first 
class are all such that 


a+ b=r1I, mod8, 
and those in the second class such that 
a+ b=— 3, mod8. 
Hence it seems probable that 1 +7 is a quadratic residue or non- 
residue of an odd primary prime, a-+ bi, according as we have 
a+ b=I or — 3, mod8, 

one of which cases must always occur (see definition of primary 
integer ). 

Since the quadratic character of an integer is the same with 
respect to all associates of w, and in particular 


(et ee ) 
Hea rear 


we see that, if the above induction be correct, 1 +17 is a quadratic 
residue or non-residue of —a— i according as 


— a—b==—Ior3, mod8, 


a-+ bi being an odd primary prime. 
Assuming the correctness of the above inductive reasoning, we 
have the following theorem: 


THEOREM 19. Jf a+ bi be a prime such that a is odd and b 
even, I-+-1 is a@ quadratic residue or non-residue of a+ bi, ac- 
cording as a+b=+1o0r + 3, mod 8. 

This theorem may be proved by treating it as a special case of 


a more general theorem (Th. 22), which we shall consider in the 


: I—1 
next section.t To determine the value of (J=%) we have only 
to remember that 


lL I+2 | 
(255) = es (see v above), 


For an independent proof see Dirichlet, Crelle, Vol. XXX, p. 312. 
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and hence since 
I+2 - 
(i+- —1,whena+ (—b) =+1, mod8,. 


and ——1, whena-+ (—b) = =+ 3, mod 8, 


(s=5) —1,whena—b= +1, mod8, 
—=— 1, whena— b= + 3, mod 8. 


Ex. 1. Deduce the above criterion for the value of (25) from 


a+ bi 
the fact that ae) — (; 7 A) (5) . 


Ex. 2. Under what condition is 


(ae) 


Gauss proceeds next to the consideration of the question: Of 
what odd primary prime moduli is a given odd primary prime a 
quadratic residue and of what a non-residue? The analysis em- 
ployed in the discussion of this question so beautifully exemplifies 
what can be accomplished in the theory of numbers by induction, 
this constituting, as Gauss says,’ “the peculiar charm” of this 
branch of mathematics, that we shall give it in full. 

The following is a free translation of §§ 59, 60, Commentatio 
Secunda, Theoria Residuorum Biquadraticorum. 

“ Passing to the odd prime numbers, we find the number — I +- 21 
to be a quadratic residue of the moduli 3 + 21, 1 — ai, —5 + 21, 
—1—6i, 7—21i, —34+8, 5+8, 5—8, 9+ 4i, etc., but a 
non-residue of the moduli — 1 — 21, — 3, 3 — 24,1 + 44, -1-+ &, 
5+ 4i, 5—4i, —7,7+2i, 5+ 6i, —5—6i, —3— 8, 9— 41, 
ELC. 


Reducing the moduli of the first class to their residues of least 
absolute value with respect to the modulus — 1 + 21, we find these 
to be —1 and 1 only; for instance, 3 + 2i=—1, I—41=—I, 
—s5+2i=1, —5— 2 =— I, ete. 


*Gauss: Works, Vol. Il, pp. 152 and 157. 
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On the other hand, all moduli of the second class are found to 
be congruent to either 1 or —1 with respect to the modulus 
—1-+a2i 

But the numbers 1 and —1 are themselves quadratic residues 
of the modulus — 1 + 22, while and —7 are non-residues of the 
same modulus; wherefore, so far as induction may be trusted, we 
obtain the theorem: The number — 1+ 21 1s a quadratic residue 
or non-residue of the prime number a+ bi according as a+ bi 
1s a quadratic residue or non-residue of —1-+ 21 1ttself, if a+ bi 
be the primary one of its four associates, or more exactly if merely 
a be odd and b even. 


Moreover, from this theorem follow immediately similar theo- 
rems for the numbers I — 27, — 1 — 21, I + 21. 


sae (558)= Gen) #2) - Gi) 


and (Sar) - (5) 

we have Gs%) = a+”). 

a eae) rts eae) are’ 
and then as above G1) ee € = *). 


Instituting a like inductive enquiry concerning the numbers 
— 3 or 3, we find that both are quadratic residues of the moduli 
3+ 21,3—21,—14+%, —1—6i,—5+ 61, —5 —6i, —3+ &, 
—3—8, 9+ 41, 9—4, etc., but non-residues of —1- 21, 
—1—2i, 144i, 1—4i, —5+2i, —5—2i, 544i, 5—4i, 
7+ 21, 7—21,5-+ &, 5 — &, etc. 

The former are congruent with respect to the modulus 3 to 
some one of the four numbers 1, — 1, 1, —1; the latter, however, 
to some one of the four numbers 1 + 1, 1 —i, —1-+1, —1—1.? 


*It will be observed that 1, —1, 1, —7 constitute a reduced residue 
system, mod — 1 + 21. 

*The numbers 1, —1, i, —t, 1+7, 1—i, —1+%, —1—zi constitute 
a reduced residue system, mod 3. 
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The numbers 1, —1, i, —7 are themselves quadratic residues 
of 3, while 1-+1, 1—1, —I +i, —1-—di are non-residues. 

Induction teaches, therefore, that the prime number a-—+ bi, 
supposing a odd, b even, has the same relation to the number — 3 
as — 3 has to a-t bi, in so far as the one is a quadratic residue or 
quadratic non-residue of the other, and like relations hold between 
3 and a+ 01. 

Applying a like inductive process to other prime numbers, we 
find in every case this most elegant law of reciprocity confirmed, 
and in the arithmetic of the complex numbers we are led to this 
fundamental theorem concerning quadratic residues : 


THeoreM 20.1 Jf a,+b,i and a, + 6,1 be two prime numbers 
such that a, and a, are both odd, b, and b, both even, then each 
will be a quadratic residue or each will be a quadratic non-residue 
of the other. 

But notwithstanding the extreme simplicity of the theorem its 
demonstration presents great difficulties, which, however, shall 
not delay us here, since the theorem itself is merely a special case 
of a more general theorem, which exhausts, as it were, the whole 
theory of biquadratic residues.” We shall conclude this brief 
résumé of the theory of quadratic residues in k(7) with the solu- 
tion of three examples. 


Ex. 1. To determine the quadratic character of 5—4i with respect to 
the modulus 11 + 6. 
We have by the above theorem 


G58)-G29-G 


oo a —a a —a\... ae 
Since (¢)= =") = +.\— (=2) it is not necessary to limit a and 


us ——— — 
= to odd primary integers, but only to odd primary integers or those with 
their signs changed; that is, integers of the form a+ bi, where a is odd 
and b even. 


Expressed symbolically the theorem is 
(= ao ot) en de +- ve) 
a2 + bat 7 a + bu 


Dirichlet gives a simple proof independent of the theory of biquadratic 
residues; Crelle: Vol. IX, p. 379; also H. J. S. Smith: Works, Vol. I, p. 76. 
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But 6+ roi = (1+7)*(1 — 41). 

Bos (ee) Ge) 
= fas ‘i C=4) 


But (2=*) = E smice 5) (4) a, mags (th 10) and by Uh ce 


5— 4 
($=8)=(28)=(c49)=(e) = 
See Say AT ap oN — at : 
Hence (S=4) =, 
11+ 62 
and the congruence * == 5 — 41, mod 11 + 61, 


has roots. 

Ex. 2. To determine the prime moduli of which 1+ 27 is a quad- 
ratic residue, and those of which it is a non-residue. Let a+bi bea 
primary prime and hence a odd, and b even. 

Then 


(48) = (28) = (ta) ia) Gs) =) 
a+bi/ \i+a/) tas’ Utas’ \itas” aa)? 
according as a+ bi==1, i, —1, or —i, mod1+2i. 

But 


(corey) ie (os) i ) Ae eS) 72 


Hence 1+ 2/ is a quadratic residue of a-++ bi when 


a-+ bi==I or —1, modi+2i 
and a quadratic non-residue when | 
‘a+ bi==1 or —1, mod1-+ 2i. 
Therefore 1-++ 2% is a quadratic residue of all primary primes included 
in the forms H(1 +21) +1, 1) 
and a quadratic non-residue of all primary primes included in the forms 
| M(1 +21) +1. 2) 


Ex. 3. To determine the prime moduli of which 3+ 67 is a quadratic 
residue, and those of which it is a non-residue. 
Let a-+ bi be a primary prime. 


We have Cy) am Gea G 7 z) 


We find as in the last example that (3,,)=1, when a+ Di is a 
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primary prime contained in one of the forms 


3H 1, 34 42, 3) 
and (3,)=—« when a-+ bi is a primary prime contained in one 
of the forms 

gu (1-+1), 34 (1 —1). 4) 


Combining these with the results obtained in the last example, we see 
that 3-+ 6% is a quadratic residue of all primary primes contained simul- 
taneously in the forms 1) and 3), or simultaneously in the forms 2) 
and 4), and their associates. On the other hand 3-+6i is a quadratic 
non-residue of all primary primes contained simultaneously in the forms 
1) and 4), or simultaneously in the forms 2) and 3). These conditions 
may in each case be combined into a single one by Th. 12. 


§ 19. Biquadratic Residues. 

It is impossible to leave the realm k(1) without a few words 
as to the history of the first treatment of these numbers from 
the point of view of the theory of numbers, marking as it did 
a.distinct epoch in the development of this branch of mathematics. 

On the fifth of April, 1825, Gauss laid before the Royal Society 
of Gottingen a paper’ upon the subject of biquadratic residues, a 
brief report? of which is given in the “ Gottingische Gelehrte 
Anzeigen” for April 11, 1825. 

He remarks in this report that: “ The development of the gen- 
eral theory which requires a most peculiar extension of the field 
of the higher arithmetic® is reserved for future continuation, only 
those investigations being taken up in this first paper which can 
be completely carried through without this extension,” giving 
thereby a foretaste of a step which was to revolutionize the theory 
of numbers; a step, however, the results of which he did not pub- 
lish until six years later. 

In this first paper Gauss defines a biquadratic residue as fol- 

*Theoria Residuorum Biquadraticorum: Commentatio er Works, 
Vol. 2, p. 65. 

1 Did. D.. 108. 

*Italics are the author’s. See also H. J. S. Smith: Report on the 
Theory of Numbers, Arts. 24-36;. Works, Vol. I, pp. 70-86, and: Bach- 
mann: Die Lehre von der Kreisteilung, .Vorlesung 12th. The reader is 


especially advised to consult Gauss’ reports on his two papers and H. J. S. 
Smith’s résumé. 
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lows: “ An integer a is called a biquadratic residue of the integer 
p when there exist numbers of the form 1* — a which are divisible 
by p, and a biquadratic non-residue of when no number of this 
form is divisible by p,” or we may say, as in Chap. III, § 34, 
that an integer, a, is a biquadratic residue or non-residue of an 
integer, p, according as the congruence 
xv*—a=0, mod f, 

has or has not roots. 

Limiting the investigation now to the case in which # is a posi- 
tive prime of the form 42-+ 1 and a not divisible by #, all other 


cases being as he says reducible to this one, he separates all 
integers, a, not divisible by /, into four classes, according as 


aa?-) == 1, f, —1,or—f, mod f, 
where f is a root of the congruence 
f? + 1=0, mod Pp. 

Every integer of a reduced residue system, mod f, satisfies the 
congruence vP-1 —_ | ==0, mod #, 1) 
which may be written 
(xt) —_ 7) (xt @-D _ f) (4t@) + 1)(xt@D 4 f) =0, mod, 2) 
where f, —f are the roots of the congruence 

4? + 1 ==0, mod P. 


Since the congruence I) has exactly —1 roots, each of the 
four congruences into which 2) can be resolved has exactly 
+(~p—1) roots and the integers of a reduced residue system, mod 
p, are seen to fall into four classes, each containing 4+(p—1) 
integers, according as they satisfy the first, second, third or fourth 
of these congruences. 

The first class comprises those integers for which the congru- 
ence I) is solvable; that is, the biquadratic residues of p (Chap. 
III, Th. 31) ; the third comprises those integers which are quad- 
ratic but not biquadratic résidues of p; the second and fourth 
classes are made up of the quadratic non-residues of p. 
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We see, therefore, that, as Gauss remarks, all biquadratic resi- 
dues of p are also quadratic residues of p and all quadratic non- 
residues of # are also biquadratic non-residues of p; but that not 
all quadratic residues of p are biquadratic residues of p. Gauss 
now divides the investigation, as in the case of quadratic residues, 
into two parts according as / or @ is supposed given; that is, ac- 
cording as we are to find what integers are biquadratic residues 
of a given prime modulus and what non-residues, or of what 
prime moduli a given integer is a biquadratic residue, and of 
what a non-residue. 

The first of these is elementary in comparison with the second 
and easily solved. Of the second part he treats three special 
cases, 2==—-I, @== + 2, but does nothing with the general case. 
These three special cases, however, he fully discusses, remarking 
upon the exceeding difficulty of the cases a= + 2. 

In this connection H. J. S. Smith says: “ The result arrived 
at in the case of 2 is that, if p be resolved into the sum of an even 
and an uneven square (a resolution which is always possible in 
one and only one way), so that pa? -+ b? (where we may sup- 
pose a and 6 taken with such signs that a==1, mod 4, b =af, mod 
bP), 2 belongs to the first, second, third or fourth class according 
as 4b is of the form 4n, 4n-+ 1, 4n +2 or 4n-+ 3. 

“The equation p=a?-+ b? shows that p= (a+ 1) (a— D1), 
or that ~, being the product of two conjugate imaginary factors, 
is in a certain sense nota prime number. Gauss was thus led to in- 
troduce as modulus instead of p one of its imaginary factors; an 
innovation which necessitated the construction of an arithmetical 
theory of complex imaginary numbers of the form a- bi.” 

In a paper? communicated to the Royal Society of Gottingen, 
April 15, 1831, a report® of which is given in the “ Gottingische 
Anzeigen ” for April 23, 1831, Gauss continues his investigations 
in this subject, limiting himself still to the case where p is a posi- 
tive rational prime of the form 4n-+-1, a an integer not divis- 
ible by Pp. 

=WV orks, Vol. I, p, 71. 


* Th. Res. Biq., Com. Sec., Works, Vol. II. § 93. 
*Ibid., p. 169. 
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He obtains by induction, but does not prove, theorems concern- 
ing the moduli of which certain special values of a (+ 3, 5, —7, 
— II, I3, 17, —19, — 23) are biquadratic residues, and those of 
which they are non-residues, but says in the above mentioned 
report: ‘“ Although all these special theorems can be discovered 
so easily by induction it appears nevertheless extremely difficult 
to find a general law for these forms, even if much that is 
common makes itself evident, and it is still more difficult to find 
proofs for these theorems. The methods used for the num- 
bers 2 and —2 in the first paper can not be applied here, and 
if other similar methods such as that used in dealing with the 
first and third classes, could serve to solve the problem, they 
prove themselves, however, entirely unsuitable as foundations 
for complete proofs. One soon recognizes, therefore, that it is 
only by entirely new paths that one can penetrate into this rich 
domain of the higher arithmetic. The author has already pointed 
out in the first paper that for this purpose a peculiar extension of 
the field of the higher arithmetic is indispensable, without, how- 
ever, explaining more fully wherein this consisted; the design 
of the present paper is to miake known the nature of this extension. 
It is simply that a true basis for the theory of the biquadratic 
residues is to be found only by making the field of the higher 
arithmetic, which usually covers only the real whole numbers, 
include also the imaginary ones, the latter being given full equal- 
ity of citizenship with the former. As soon as one has per- 
ceived the bearing of this principle, the theory appears in an 
entirely new light, and its results become surprisingly simple.” 

This widening of the field of the higher arithmetic consists, 
then, in considering our integers to be all those numbers of the 
form a+ bi, in which a and 2D are rational integers. The defini- 
tions of divisibility, prime number, etc., and the principal theo- 
rems relating to rational integers having been shown to have their 
analogues for the integers of this extended system, our realm 
k(t), as has been proved in the preceding pages, Gauss then 
develops briefly the theory of quadratic residues for the integers 
of this new system. Passing to the subject of biquadratic resi- 
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dues, he separates all integers not divisible by a given modulus 
into four classes, as follows: 

“Tf the modulus be a complex prime number, a-+ 61, where a 
is always assumed odd, b even, and k a complex number not 
divisible by a+ bi, then, for the sake of brevity p being written 
for a? + b?, we have in all cases 


kt@-) ==1,1,—1,—i, moda- bi, 


and thereby all numbers not divisible by a-+ bi are separated into 
four classes, to which in the above order the biquadratic charac- 
ters 0,1,2,3 are ascribed.” That is, the biquadratic character 
of an integer, k, with respect to a prime modulus, a+ 01, is the 
exponent of the lowest power of 7 to which k?-) is congruent, 
mod a+ hi, where p—=a? + BD’. 

“Tt will be observed that, when a+ 01 is a prime of the first 
degree, the fourfold classification of the real residues of a+ bi 
which we thus obtain is identical with that obtained for 
bp, ==n[a-+ 01], in the real theory; for the numbers f and —f, 
being the roots of the congruence 


ax? + 1 =0, mod #, 


satisfy the same congruence for either of the complex factors, 
a-+ bi, a—bt, of p, and are therefore congruent respectively to 
+ 1 and —+1, for one of these factors, and to —i and +7 for the 
other. 

“Evidently the character o belongs to the biquadratic residues, 
the remaining ones, I, 2, 3, to the biquadratic non-residues, to the 
character 2 corresponding quadratic residues, to the characters 
I and 3 on the other hand quadratic non-residues. 

“One recognizes at once that it is only necessary to determine 
this character for such values of k as are themselves complex 
primes, and here induction leads immediately to most simple re- 
sults. If, first of all, we put k= 1 + i, it is seen that the charac- 
ter of this number is always congruent to 


$(—a? + 2ab — 3b? + 1), mod 4 


*See H. J. S. Smith: Works, Pp. .107. 
14 
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and similar expressions are found for the cases k= 1 —i, —1 +41, 
—I—41, 

“Tf, on the other hand, k be such a prime number c -+ di, that 
c is odd and d even, we can obtain by induction a reciprocity law 
quite analogous to the fundamental theorem for quadratic resi- 
dues ; this theorem can be expressed most simply in the following 
manner: 

“If c+d—r1 as well asa+b—z be divisible by 4 (to which 
case all others can be easily reduced), and the character of the 
number c-+ di with respect to the modulus a+ bi be denoted by 
l,, that on the other hand of a+ bi with respect to the modulus 
c+ di by l., then 1,=I1, when one (or both) of the numbers d 
and b is divisible by 4; on the other hand 1,=1, + 2, when neither 
of the numbers d, b ts divisible by 4. 

“ These theorems contain in truth all the essentials of the theory 
of the biquadratic residues; easy as it is to discover them by 
induction, it is most difficult to prove them rigorously, especially 
the second, the fundamental theorem of the biquadratic residues. 
On account of the great length of the present paper the author 
finds himself obliged to postpone to a third paper’ the presenta- 
tion of a proof of the latter theorem, which has been in his pos- 
session for twenty years. On the other hand, the present paper 
contains the complete proof of the first theorem relating to the 
number I +12, upon which are dependent the theorems relating to 
I—1, —1+1, —1—1. This proof will give some idea of the 
complexity of the subject.” 

The above will be made plainer to the reader by the following 
brief résumé. The integer a is said to be a biquadratic residue 


*Gauss never published his proof of this theorem, but soon after the 
theorem was published Jacobi succeeded in proving it, and communicated 
this proof to his pupils in his lectures at K6nigsberg in the winter of 
1836-37. He did not, however, publish his proof, and the first published 
proofs are by Eisenstein, who gave in all five. See Crelle, Vol. XXVIII, 
53. . 223,-and: Vol. AA, poss. also Hi. J. S. South works, VoL 
I, p. 78, and Bachmann: Die Lehre von der Kreisteilung, p. 168. 
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or non-residue of a prime, 7, a being prime to 7, according as the 


congruence x*=a, modz, 
is or is not solvable. 
From Th. 16 we have 


—1 
q 7) =7, mod z, 3) 


and since, excluding the case == I -++ i,t n[z] —1 is always divis- 
ible by 4, we may write 3) in the form 


nr J—1 n[r)]—1 ni ]—1 n{m]—1 
© ; Oe : eG : ie * +2) =0, modz, 


each of the congruences 


n{aj—l 
a : =I | 
nlx }—1 
a ==1 
weit é mod Tis 
ee =—- I 
n{w]—! 
a4 =—i 


which may be written in the common form 
n[ aw ]—1 


4 * 
a =1', mod.«x; 7-=—0, 1,2, 4, 


is seen to have exactly (w[r] —1)/4 incongruent roots, and the 
integers of a reduced residue system, mod 7, fall into four classes 
according as they satisfy the first, second, third or fourth of 
these congruences. 

The integers of the first class are the biquadratic residues of z, 


for a ==I, modz, 


is the necessary and sufficient condition that a shall be a biquad- 

ratic residue of =. 
The integers of the first and third classes are together the 
quadratic residues of , for they are the roots of the congruence - 
n| aw j—1 


a * =I, modz. 


1Tt is easily seen that every integer not divisible by 1 +7 is a biquadratic 
residue of 1 +1. 
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The integers of the second and fourth classes are together the 
quadratic non-residues of x, for they are the roots of the congruence 


n[ wr ]—1 


ae 


a =—], mod 7x. 


The exponent of the power of 1 for which the congruence 


n[ aw |—1 


aq  =s¥, mod, £==0, I, 2,3 


1s satisfied 1s alled the biquadratic character of a with respect 
to + and this power of 7 is denoted by the symbol (a/z),, so that 


we have always 
O a(n j—1 
(2) =a ‘4 , modz. 
4 


The symbol (a/7).s, which is duc to H. J. S. Smith, seems preferable 
to ((a/m7)), which was adopted by Jacobi, as by a change of subscript 
it will serve for the theory of residues of other degrees. 


If now (a/r) have the meaning previously assigned, we see 


easily that 
~) =e), | 


If we understand by the quadratic character of a, modt7, instead of 
I or —1I, the exponent of the lowest power of —1 to which a is con- 
gruent, mod, the notation for quadratic residues will be brought into 
accordance with that given above for biquadratic residues. 


The symbol (a/7), obeys the following laws: 
From a, =a,, mod 7, it follows that 


If a, and a, be two integers, which may be equal, not divisible 
by z, then from 


a nw j—l 
and .) =a, * , mod 7, 
4 


it follows that 
a a a 
(2) (2) = (2,2) : ’ mod T, 
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and hence 2 = (*) & ; 
Lae ay Bi gas 


Since every integer a can be written in the form 


A=" (1 + 1)* pps -*+ pn, 
where r=0, I, 2, 3; S==0, or a positive integer; and pj, po, °-:, pn 
are odd primary primes, we have 


ne CG 


. e a . 
and the determination of the value of (<) is seen to be resolved 
4 


into the determination of the values of (=) i (- +") and ( *) 
4 4 4 


T 7 


where p is an odd primary prime. 


The following theorem gives a simple criterion for determining 
the value of (1/7),: 


THEOREM 21. If r==a-+ bi be an odd primary prime, then 1 
has the biquadratic character 0, I, 2,or 3 with respect to the mod- 
ulus m, according as we have a=TI, 7, 5 or 3, mod 8; that 1s, 


Since a+ bi is an odd primary prime, we have either 
G=—4k +13 0 —4k, 
or a=4k +3; b=4k + 2, 
and hence 
; at+b2—1 
poy 4 eek i 
(sa)= =7k, when a==4k-+1, 
= 17k when a=4k -+ 3. 


But 2k =0 or 2, mod 4, according as k is even or odd; that is, 
according as a=4k-+1=1I1or 5, mod 8; 


and 2k + 3==3 or 1, mod 4, according as k is even or odd; that 
is, according as 
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a= 4k + 3=3 0r 7, mod 8. 
1 : 
Hence (. - 5) = I,t, — I or —4. 


according as G==1,7; 5, Or 3, mod &. 


The following table gives the biquadratic character of i with 
respect to each odd primary prime whose norm is less than 50. 


Biq. Char. | Odd Primary Primes. 
O oe a 
I —1I-+ 21,—1—21,—1+4+ 6i,—1— Gi. 
2 Boo So 
3 3 + 21, 3 —21,— 5 + 21, — 5 — 2. 


The following theorem gives the biquadratic character of 1 +1 
with respect to an odd primary prime modulus. 


THEOREM 22. If a+ bi be any odd primary prime 


( Bes | - ered 
at bt}, 


For the proof of this theorem see Gauss: Works, Vol. II, p. 
135; Eisenstein: Crelle, Vols. 28 and 30; Bachmann: Die Lehre 
von der Kreisteilung, p. 181. 

The following table gives the biquadratic character of 1 +i 
with respect to each odd primary prime whose norm is less than (a 


Biq. Char. | Odd Primary Primes. 
O 3—21,5-+ 41,—1—6i. 
I I— 41,—5+ 2i1,—1+4+ 61. 
2 —1-+ 21,—5 —2i,5 —4i, — 7. 
3 — I — 21,— 3,3 + 21,1 + 41. 


This theorem is easily seen to be the equivalent of Gauss’ (p.. 
209 ), for although the modulus is here restricted to an odd primary 
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prime, a+ bi, while in Gauss’ it can be either +(a-+ 01), where 
a+ bi is an odd primary prime, this makes no difference, since 


(3 + ) = (+45) 
a+bi]/, \-a—%/, 


We have only to show therefore that 
4(— a? + 2ab — 36? + 1) =}(a—b—b?—}1), mod4, 4) 
where a=1,b=0, or a=— 1,0 =z, mod 4. 
Putting 
a= 4a, +1,6—4b,, or a= 4a, —T, b—4b,+2 
in 4), we obtain in both cases 


(b; — 4) (2a, at 2b, ae I) ==a,—),, mod 4 ; 
that is (a, + b, + 1) (4,—},) =0, mod 2, 


is a necessary and sufficient condition that 4) shall hold, and this 
condition is easily seen to be satisfied by all values of a, and ),. 

The value of (a/z), is determined by means of the reciprocity 
law given by Gauss, which can be expressed most simply as 
follows: 


THEOREM 23. The biquadratic characters of two odd primary 
primes of k(i) with respect to each other are the same or opposite 
according as one of the primes 1s =I, mod 4, or both are 
= 3-++ 21, mod 4. 

This can be expressed symbolically as follows: 


7 n[ aw j—1 : n[ pj—1 p 
ane = (— I 4 4 (2) . 
() =(-) 


ear 


in which x and p are any two odd primary primes of k(t). 


Since (=) - (=). 
p P/ 4 


we have from the last theorem 


and from this can easily deduce the quadratic reciprocity law as 
given in Th. 20. 
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The biquadratic character 0 is opposite to 2, and 1 to 3, this 
corresponding to /,==/, + 2 in Gauss’ theorem (p.210). Hiscon- 
dition, that a+ b—1 and c-++-d—1 shall both be divisible by 4, 
is evidently satisfied when the primes are primary. Furthermore, 
it is easily seen from the definition (p. 194) that every odd pri- 
mary prime is ==I or 3+ 2, mod 4; and this is equivalent to 
- Gauss’ condition that b (or d) be divisible or not divisible by 4. 
Ex. 1. To determine the value of 


(Fa). 


Resolving 1 -+ 32 into its primary prime factors, we have 


(: :: a = € 7 ieee Gee) 


By Th. 21 (—.) ta on. 
5+ 4t/4 
and by Th. 22 ( lag ‘) Se 
3+ 4 


Since —1-+ 21 and 5+ 47 are odd primary primes we have by Th. 23 


Se ee) Eee: ). 


5+ 41 —1I+21 —I+21 
and since 5+ 4t—(Ci — 3s) (—14+- 21) =— 33 
that is, 5+41=—1, mod—1-+42i, 


weme (S405) = (513) =(atha) =" 


Combining these results, we have 
(Ets +2) =i Pm PRI; 
5+ 4t/, 


that is, 1 + 37 is a biquadratic non-residue of 5 + 4i, or in other words the 
congruence #*==1-+ 31, mods5+ 41 


has no roots. 

We see also that 1 + 37 is a quadratic non-residue of 5 + 41. 

Ex. 2. To classify the odd primary primes of k(i) according to the 
biquadratic character of —1-++ 27 with respect to each of them. 

Let ™ be any odd primary prime of k(t). 


*'We select 1 — 31 as # is chosen in Th. A. 
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We have two cases to consider according -as ™==1 or 3-21, mod 4. 


. 7 ==1, mod 4. 
Then 


(=222) =(—5) = (eee), (sea), as), 
(eae) 
—iI+a21/4 


according as T==I, i, —1 or —i, mod —1-+ 21, I, 1, —1, —1 being a 
reduced residue system, mod —1- 21. 
But 


er) ae) ee 
Te al ee = 2, a 7} 72 and —___———_, —— oy 
—1-+a21/, —I+21/,4 —1+21 —iI+a/, 
Hence with respect to an odd primary prime, 7, ==1, mod 4, —1-+ 27 has 
the biquadratic character 0, 1, 2 or 3, according as we have T==I, 1, —I, 
or —1, mod—1-+ 21. 


il. w == 3-+ 21, mod 4. 
Since we have both 7 and —1+2/==3-+21?, mod4, it follows that 


Gee ee) 


Hence with respect to an odd primary prime, 7, ==3+2?, mod 4, 
—1-+2i has the biquadratic character 0, I, 2 or 3, according as we 
have T==—1, —1, I or 1, mod—1+4 21. 


Combining these conditions we see that —1-+ 27 has with respect to 
an odd primary prime, 7, the biquadratic character 


o where r= p4(—44+ 8&) +1 or w(—4+&) +3421, 
1 where r=4(—44+ 81) +1+ 47 or u(—4+&) +3—21, 
2 where r= 4(—4+8&) +1—4i or 4(—44+8&)4+34+%, 
Se wiere 0 Ae) or H(—4+8&) +7-+ 21, 

# being any integer of k(2). 

Ex. 3. Determine whether the congruence 
a‘ ==9+ 71, mod 5+ 4), 
has roots. 


Ex. 4. Class the odd primary primes of k(i) according to the bi- 
quadratic character of 3-+7 with respect tou each of them. 


CHAPTER. Vi. 
THe REALM k(V/— 3). 


§ 1. Numbers of k(\/— 3). 
The number \/— 3 is defined by the equation 
aa 2: I) 

which it satisfies. We can show exactly as in k(7) that all num- 
bers of k(\/—3) have the form a+ b\/— 3, where a and b are 
rational numbers. The other root, —\/—3, of 1) defines the 
realm k(—\/—3) conjugate to k(\/—3). These two realms 
are, however, evidently identical. The number a’, =a—b\V/— 3, 
—=a-+ b\/— 3, of k(\/—3), is the conjugate of a; for example, 
2+\/— 3 and 2—\/— 3 are conjugate numbers. 

A rational number considered as a number of k(./— 3) is evi- 
dently its own conjugate. The product of any number, a, of 
k(V— 3) by its conjugate is called its norm, and is denoted by 
n[a] ; that is, | 

We see that the norms of all numbers of k(\/— 3) are positive 
rational numbers. We can prove exactly as in k(i) that the 
norm of a product is equal to the product of the norms of its 
factors; that is, 


n[ap] =n[a]n[B], 


where a and @ are any numbers of k\/— 3. 

We observe, just asin k(7), that every number a, =a + bV/— 3, 
of k(\/—3) satisfies a rational equation of the second degree, 
that being the degree of the realm, and that this equation has for 
its remaining root the conjugate of a. 

The numbers of k(\/— 3) fall then, as in k(7), into two classes, 
imprimitive and primitive, according as the above equation is 
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reducible or irreducible; that is, according as b==or=-o. The 
imprimitive numbers are therefore the rational numbers, and the 
primitive numbers all the other numbers of the realm. 

It is evident that any primitive number of k(\/—3) can be 
taken to define the realm. 


This realm as well as the following ones will not be discussed as fully 
as k(i). Our desire is merely to bring out those points of difference 
from k(i) which necessitate some change in our conceptions, and to 
show that after these changes have been made and the unique factoriza- 
tion theorem proved for the integers of the realm, we can get as in k(1) 
‘a series of theorems analogous to those for rational integers. 


§2. Integers of k(\/—3). 


To determine what numbers of k(\/—3), in addition to the 
rational integers, are algebraic integers, we observe that as in k(1) 
the necessary and sufficient conditions that any number, a, 


=a-+ bV/— 3, of k(\/—3) shall be an integer are 
a-+a’==a rational integer, 
and aa’ =a rational integer. 
If we write a in the form 
a,+6,V —3 


Cc 


1 
where ¢—4,/c,, and 6==0,/¢,, 4.;-0.. ¢, peine imencre with no 
common factor, these conditions become 


z b ett a me 2a : 
a+ Vv 3 ate l fas 3 = —_ — 4a rational integer, 1) 
an a QO 


Gus =) (278 V mee 30,7 
ats 


=a rational integer. 2) 
c 3 | 


1 1 1 


One at least of the three following cases must occur: 
Io C2 Onde 6 2 


i. The impossibility of i is proved as in k(1). | 

ii. If c, 2, 2a,/c, can be an integer, and yet a, not contain the 
factor 2, a,2-+ 3b,? being divisible by 2? when a, and ), are 
both odd. 
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Hence c,==2, in which case a, and b, must both be odd; 
or c,==1. Hence every integer of k(\/—3) has the form 


3(a + b\/— 3), where a and B are either both odd or both even, 
and all numbers of this form are integers. 


63. Basis of £(\/— 3) 

A basis of k(.\/—3) is defined as in k(7). It will be observed 
that the integer \/— 3 defining k(./— 3) does not constitute with 
I a basis of the realm as 7 and 1 did in k(1); that is, there are 
integers of the realm that can not be represented in the form 
x + y\V—3, where x and y are rational integers. We shall see, 


form a basis of the realm. For example, 1, 4(—1-+ V—3) isa 
basis of k(.\/— 3); for let (— 1 +./—3), which is seen to be an 
integer, be represented by p, and 4(a + 6\/— 3) be any integer of 
k(/—3). We shall show that $(a + b\/— 3) can be put in the 
form x + yp, where + and y are rational integers. 


Boy 3 2x—y yy 
es ee oS, 
which gives 24 U0 4 
whence P50 -- 9), y=, 


at+bV—3 a+b 
2 se 


and therefore 


+ 4p, 


where 4(a-+ b) is a rational integer, since a and b are either both 
even or both odd. Every integer of k(\/—3) can be repre- 
sented therefore in the form + -+ yp, where x and y are rational 
integers; that is, I, p is a basis of k(\/—3). Moreover, every 
number of the form x + yp can be put in the form 4(a + bV/— 3), 
where a and Bb are both odd or both even, and hence is an integer 
of k(V—3). For, supposing + and y known, anda and b un- 
known, we see from the above analysis that a and 0 will be either 
both odd or both even, according as y is odd or even. The sum, 
difference and product of any two integers of k(\/—3) is an 
integer of k(\/—3), for 


*See Chap. V,.§ 3. 
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(¥-- yp ) = ty + yp) =* i V1) ps 
and 


(1 + yp) (41+ Vip) = 44, + (49, + 119) p + Vp? 
= 4%,— I + (49, + HY — IVa) ps 
since p> +tp+i=o. 
§ 4. Conjugate and Norm of an Integer of k(\/— 3). 
The conjugate of p is p'=4$(—1— V—3)=p*. Since 
p+p =—p+p?=—I1, and pp’ —p*=— I, p satisfies the equation 
| a? to¢+1=0; 
that is, p and p? are the imaginary cube roots of unity; therefore 
k(VW—3) is called the realm of the cube roots of unity. If 
a, =a-+tbp, be any integer of k(\/—3), its conjugate is a’, 
=a-+bp?. The conjugate of a+ dp? is evidently a+ dpt, 
=a -+ Dp. 
Hence n[a] = (a+ bp) (a+ bp?) 
=O 407 Oaee 
= a?— ab + BD’, 
which is seen to be a positive integer. 
For example : 
n[3 + 2p] =9—6+ 4=7. 
§5. Discriminant of k(.\/—3).1 


The discriminant of k(.\/— 3) is the squared determinant 


formed from a pair of basis numbers and their conjugates. 
Denoting it by d, we have 
d=— 3 
§ 6. Divisibility of Integers of k(\/— 3). 
We define the divisibility of integers of k(\/—3) exactly as 


we defined that of the integers of R and k(t), and all that fol- 
lowed from this definition in R and k(7) holds for k(\V~—3). 


*See Chap. V, §§ 3, 4; the same remarks hold here. 
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Ex. 1. We see that 4-++ 59 is divisible by 3-+ 2p, since 
4+ 50 = (3+ 2p) (2+ P) 
= 6+ 7p + 29’ 


=4-+ 5P, 
since p* = — I — p. 


Ex. 2. On the other hand, 5+ 2p is not divisible by 3-++p, since there 
exists no integer of k(\/—3) which when multiplied by 3-++p gives 
5-+ 2p; for let 


5 + 2p = (3+) (¥ + 9p) 
= 34 + (¥ + 3y)P + 3° | 1) 
= 34 —y + (4 + 2y)0; 
thus + and y must satisfy the equations 


Be ae 4 + 2y=2, 
which give += 12/7, y==¥,; that is, 1) does not hold for integral 
values of # and y, and hence 5 + 2p is not divisible by 3 + p. 


THEOREM I. If a be divisible by B, then n[a] 1s divisible by 
n[B]. 

For from a= By follows n[a] —=n[B]n|y]; that is, n[a] is 
divisible by n[B]. As was seen in k(1), the converse of this 
theorem is not in general true. 

A common divisor of two or more integers is defined as in 
R and k(1). 

$7. Units of k(\/ —3). Associated Integers. 

The units of k(\/—3) are defined, as in the case of the last 
two realms, as those integers of k(\/—3) that divide every 
integer of the realm. They therefore divide 1, and since every 
divisor of I is evidently a unit, the units may also be defined 
either as those integers of k(\/— 3) whose reciprocals are also 
integers of k(\/— 3), or, since if « be a unit, 2[e] must divide 1, 
as those integers of k(\/— 3) whose norms are I. 

To determine the units of k(\/—3) we let e, =. + yp, be one 
of them, arid put 


ne] =x? — xy + P= (4— hy)? +3VP SL 
from which we see that y can have only the values 0, 1 and — I. 
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0 gives 4° —— I, X==I1 or —1I, and hence 
=I Of -——T; 

RY fives, 4. 7 1, . YO OF + a, and ence 
e=p, or I1-+p=—/’; 

y=—I gives 2? +4411, x+=0 or —I1, and hence 
e==—_p, OY I p=" 


Hence e can have any one of the six values + I, +p, + p?, which 


are therefore the units of k(\/— 3). 


As k(\/—3) contains the primitive sixth roots, 4(1-+./—3) and 
4(1— \/ — 3), of 1, and hence the cube roots of 1, it might more properly 
be called the “realm of the sixth roots of unity.” Taking 1, 4», 
= 4(1-+./— 3), as a basis, we would have as the six units of the realm 
I, w, w*, w*——1, w*, w, the six sixth roots of unity. 

The nomenclature used above is, however, the usual one, and hence 
has been adopted here. 

If two integers, a and B, have no common divisor except the 
units, they are said to be prime to each other, or, excluding the 
units, to have no common divisor. 

The six integers, a, —a, pa, — pa, p?a, — pa, obtained by mul- 
tiplying any integer, a, of k(\/— 3) by the six units in turn, are 
called associated integers; for example, the six integers, I — 6p, 
—1-+ 6p, 6+ 7p, —6—7p, —7—p and 7+ > are associated. 
Any integer which is divisible by a is also divisible by —a, pa, 
— pa, ppa and —p’a. Hence in all questions of divisibility, asso- 
ciated integers are considered as identical; that is, two factors, 
one of which can be changed into the other by multiplication by 


a unit, are looked upon as the same. 


§8. Prime Numbers of k(\/ — 3). 

The definitions are identical with those in k(7). 

We can determine whether any integer of k(.\/— 3) is prime 
or composite by the method employed for the same problem in 
k(1), the process depending upon Th. 1. 


Ex. 1. To determine whether 2 is a prime or composite number of 
Ne 3): 
Put 2= (a+ bp) (c+ dp) ; 


then 4= (a? —ab + b*) (CP? —cd + d?), 
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whence we have either 


@?—ab+b?=2, ?—cd+d?=2, 1) 
or @—ab+b=1, ?—cd+d?=4. 2) 
It is easily seen that 1) is impossible; for, if 
2 Ae b i Bur 
a*—ab+t b?= (a—* hee aie 
then |b|<1 and similarly |a|s1. 3) 


It is evident that no pair of values of a and b, which fulfil the condition 
3), can satisfy 1). Hence 1) is impossible, and 2) is the only admissible 
case; that is, a+ dp is a unit. Therefore 2 is a prime number in 
RN — 3). 

Ex. 2. To determine whether 3 is a prime or composite number of 


KX] = 3). 


Put 3= (a+ bp) (c+ dp); 
then 9 = (a*— ab + bb”) (c? —cd + d?). 
whence we have either 
a’ —ab+b?=—3, ?—cd+ a’? = 3, 4) 
or a’ —ab+ B=1, ?—cd+a’=9. 5) 


Now, if a?—ab+ b?=1, a+ bp is a unit and hence 5) is not an actual 
factorization. 


2 ae 2’ Lee 
If a —ab-+b'=(a—2 nee 


then (OS2 and opr he | 6) 


The possible values of b which satisfy 6) are 0, 1, 2. Considering 
them in turn we see that 


b= 0; gives a*= 3, which is impossible, 

Beco gives a?’ — a +1=3, andhence a=—1I or 2, 
b=—I, gives a’?+a+1=—3,.andhence a=I1 or —2, 
52) gives a°—2a+4=—3, andhence a=I, 
b=—2, gives a +2a+4=—3, andhence a=—1, 


whence at+tbp=+(1—p), *+(2+ p) or +(1+29). 
Similarly c+dp=+(1—p), +(2+ p) or +(1+ 2), 
and we have 

3= (1—P) (2 +P) = (—1 +0) (—2—p) = (1+ 20) (—1 — 29}, 


the proper combinations of factors being selected by trial. All these 
factorizations are, however, considered as identical, since the factors in 
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each resolution are associated with the corresponding factors in the other 
resolutions. All these factors can easily be proved to be primes of © 
k(V —3), whence we see that 3 can be resolved into the product of two 
prime factors in k(\/ —3), and that this resolution is unique. Moreover, 
all these factors are associates of I—p, and we have 


3=—p'(I— Pp)’. 
We could have seen directly from the equation defining the realm that 
Jy) 
Ex. 3. If we endeavor to resolve — 46+ 37p into two factors neither 
of which is a unit, we find that it can be done in seven essentially different 


ways, the factors in each product not being associated with the factors in 
any one of the other products. 


— 46 + 379 = (4+ 5p) (11 + 189) 7) 
= (—5 + 6p) (8+ Pp) 8) 
= (7+ 2p) (—4+ 9, 9) 
(i 7) (so 10) 
= (1 + 30) (29 + 25°) II) 
= (4-+ 3p) (5 + 22p) 12) 
== (5. 3p) (1 470) 13) 


We find, however, that none of these factors except I—p, I + 3p, 
4+ 3p, and 5+ 3p are prime numbers, and that we can resolve those 
which are not prime into prime factors in the following manner: 


4+5e= (1—p)(1+ 3p), 11 + 189 = (4+ 39) (5 + 3p); 
—5-+ 6p = (1+ 30) (4+ 39), 8+p= (1—p)(5+3P)3 
7+ 2p = (1—p) (4+ 3°), —4-+ 9p = (1+ 3°) (5+ 30); 


— 43 — 3p = (1+ 3°) (4+ 3°) (5+ 30), 
29 + 250 = (1—P) (4+ 30) (5+ 3)- 
5+ 22p = (1 —p) (1 + 3°) (5 + 3°), 
I + 179 = (1 —P) (1 + 30) (4+ 3¢). 
When these products are substituted in 7), 8), 9), 10), 11), 12), and 13) 
we obtain in each case 
46 + 37p = (1 —P) (1+ 3P) (4 + 3°) (5 + 3) ; 


that is, when — 46+ 37p is represented as a product of factors all of 
which are prime, the representation is unique. Having made these notions 
concerning the integers of k(,\/—3) clear, we proceed to what will 
always be our first goal in the discussion of any realm; that is, to prove 
that every integer of k(\/—3) can be expressed in one and only one 
way as a product of prime numbers. 


15 
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$9. Unique Factorization Theorem for k(\/ — 3). 

THEOREM A. If a be any integer of k(W~—3), and B any 
integer of k(.\/— 3) different from o, there exists an integer p 
of k(V~—3) such that : 


n[a—pB] <n[B].* 
Let a/B=a-+ bp, 


where@=r-+r,, b=s-+s,,r ands being the rational integers 
nearest to a and 6b respectively, and hence 


Irs] s4, [$1] $4. 
We shall show that p, —=r- Sp, will fulfil the required condi- 
tions. Since 
a/B—p=r, + Sip, 
n[a/B— pp] =r?—r,5, Si =a, 
whence _ n[a/B—p] <I, 
or multiplying by n[B], 


n[a— pB] <n[B]. 

The proofs of the two remaining theorems which lead to the 
Unique Factorization Theorem and the proof of that theorem 
itself are now word for word identical with those in k(1); we 
shall therefore merely state these theorems: 

THEOREM B. Jf a and B be any two integers of k(V—3) 
prime to each other, there exist two integers, é and y, of k(V/— 3) 
such that 

ag + Bn= I. 

THEOREM C. If the product of two integers, a and B, of 
k(VW— 3) be divisible by a prime number, 7, at least one of the 
integers 1s divisible by 7. 

This theorem has, of course,. the same corollaries as the corre- 
sponding one in k(1). 

THEOREM 2. Every integer of k(\/—3) can be represented 
in one and only one way as the product of prime numbers. 


* See note in k(1) which applies equally here. 


THE REALM k(\/—3). 227 


§ 10. Classification of the Prime Numbers of k(.\/— 3). 

By a train of reasoning identical with that employed in k(t), 
it becomes evident that every prime, 7, of k(\/— 3) is a divisor 
of one and only one rational prime. In order therefore to deter- 
mine all primes of k(.\/—3), it is only necessary to find the 
divisors of all rational primes considered as integers of k(\V— 3). 

Let 7, =a-t Dp, be any prime of k(\/—3) and pf the positive 
rational prime of which 7z is a divisor. 

Then p= 7a, I) 
and hence p?=—n[x|n[a]. 

We have then two cases 

Oo | 
| n[a] =p, a ee ; 

i. From n[a] == 27’ =p and 1), it follows that a=’. From 
n[ x] =p we have a?— ab + b? = p,and hence since every positive 
rational prime, except 3, is of the form 3n +1 or 3n—TI, we 
must have, excluding the case p= 3, when p—n[z], 

a’—ab+ b?= 1, mod 3, 
or a’— ab + b?=—1, mod 3. 
The first of these congruences has the solutions 
Qs O;5; G2=]=21; @=]1; @a==—I 
==+1; D= oO; DSI; eae pe 
while the second has no solutions. 

Hence when a positive rational prime other than 3 is the 
product of two conjugate primes of k(\/—3), it has the form 
3n + I. 

The case p= 3 is easily disposed of, for the equation 

p=e@—ab+b=3 
is satisfied by a1, b==—1, which give 
3= (1—p)(1—p’); 
hence 3 is the product of two conjugate primes of k(/—3). 


These factors of 3 are, however, associated, for 


I — p?==— p*(I—p), 
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whence Gp tp) Org 

that is, 3, which is the only rational prime divisor of the discrimi- 
nant of k(\/—3), is associated with the square of a prime of | 
Ry 3). i 

ii. From n[a]==1 it follows that a is a unit. Hence p is 
associated with the prime 7; that is, p is a prime in k(V—3). 
When ? is of the form 3n —1, this case always occurs, for we 
have seen that in order to be factorable in k(1/—3), a rational 
prime must either be 3 or of the form 3n + 1. 

We shall now show that every rational prime, ~, of the form 
3” + I can be resolved into the product of two conjugate primes 
of k(V¥=3). 

The congruence 


-2 


4° ==— 3, mod p, p=3n-+41, 
has roots; for 


(— 3/P) = (— 1/P) (3/p), 
and if p=4k+1, 
(—1/p) =1, and (3/p) = (/3), 
while, if p= 4er + 3, 
(— 1/p) =—1, and (3/p) =— (p/3), 
and in both cases therefore 
(3) rs) 
Let a be a root; then 
a* + 3==0, mod c; 


that is, (a+ V—3)(a— V— 3) =o, mod pf. 


Since a+ —3 and a— \/— 3 are integers of k(\/—3), p 
must, if a prime in k(./— 3), divide one of them; we must have, 
therefore, either 


= “u—-+-uV/— 
ere naar .) 

when u and v are either both odd or both even, or 
oy=3ap teva 3) 
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where uw, and v, are either both odd or both even. But 2) and 
3) are, however, impossible, since $pv—=-+ 1 implies that wv is 
even, and hence that p is a divisor of I, which is impossible. 

Hence / is not a prime in k( \/— 3), and, since the only way in 
which a rational prime is factorable in k(.\/— 3) is into two con- 
jugate primes, p is factorable in this manner. The primes of 
k(\/— 3) may therefore be classified according to the rational 
primes of which they are factors as follows: 

1) All positive rational primes of the form 3n-+ 1 are factor- 
able in k(\/— 3) into two conjugate primes, called primes of the 
first degree. 

2) All positive rational primes of the form 3n—1I are primes 
in k(\/— 3), called primes of the second degree. 

3) The number 3 is associated with the square of a prime of 
the first degree. 

It can be easily proved as in the case of 2 in k(1), that 3 is the 
only. rational prime which is associated with the square of a prime 
of the first degree in k(\/—3). We observe that in k(\/—3) 
as well as in k(1) the only rational primes which are associated 
with the squares of primes of the first degree are those which 
divide the discriminant of the realm. 

S11. Factorization of a Rational Prime in k(\/ — 3) deter- 
mined by the value of (d/p). 

As in k(i), we can express the above results in a very con- 
venient manner by means of the discriminant, d, of k(\/—3). 

We have seen that, when p==37-+ 1, (—3/p) =I; that is, 
(d/p) =1. 

When p=3, d is divisible by p, which is expressed symbol- 
ically by (d/p) =o. 

Hence we can classify the rational primes according to their fac- 
torability in k(\/— 3) as follows: 

Wi (5 

ren 3 


that is, p is the product of two conjugate primes of the first degree. 


a 
Wh — = —_ foe —a A 
en (=) p=? 


)= C= 
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that 1s, p is a prime of the second degree. 


a 
When (5)=o pen’; 


that is, p is associated with the square of a prime of the first 
degree. 

The primes of k(\/—3) whose norms are less than 100 are 2, 
te Pos Ep, 4+ 3p, oe As 5 te Op; Fieoes 7 + 6p, 5 + 9p, 
Te Op: I + 9p, LO 3p; Il soe: 

§12. Cubic Residues. 

If a and m be rational integers and a be prime to m, a is said 
to be a cubic residue or non-residue of m according as the 
congruence 

+*==a, mod m, 
has or has not roots. 

As in the development of the theory of biquadratic residues, 
we saw that our field of operation must be not simply the rational 
integers but the integers of the realm k(1), of which the rational 
integers are a part, so in the theory of cubic residues we must take 
as our field of operation the integers of k(\/ —3); that is, we 
must consider the congruence 


+* =a, mod p, 
where a and yp are integers of k(\/ —3) and.a prime to p. 
Lack of space forbids even a brief discussion of this subject 


here but the reader should consult Bachmann: Die Lehre von 
der Kreistheilung, 14te Vorlesung ; Jacobi: Works, Vol. 6, Bp 223) 


and Eisenstein: Crelle, Vols. 27 and 28. 
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§ 1. Numbers of k(\/2). 
The number \/2 is defined by the equation 
A = 2 0) 


which it satisfies. All numbers of k(.\/2) have the form a+ by/2, 
where a and 0 are rational numbers. 

The other root, —1\/ 2, of +2 —2—0 defines the realm k(—\/2), 
conjugate to k(\/2). The two realms are, however, as in both 
the previous cases, identical. 

The conjugate of a, a+ bvy2, is a’, =a—bv/2. The 
product aa’ is called as before the norm of a and is denoted by 
n[a]. 

In nla] =(a+bV2)(a—bvV 2) =a? — 2b? we notice the 
first of a series of important differences between this realm and 
k(i) and k(\/—3). The norm of a number of k(\V/2) is not, 
as heretofore, necessarily a positive rational number. It may be 
either a positive or negative rational number. This will easily be 
seen to be true of all quadratic realms defined by real numbers, 
while the norms of numbers of quadratic realms defined by 
imaginary numbers are always positive. Realms of the first 
kind, as k(\/2), are called real realms; those of the second kind, 
as k(i) and k(\/—3), imaginary realis. 

We have evidently n[aB] =n[a]n[B], where a and 6 are any 
numbers of k(\/2). 


§2. Integers of k(\/2). 
Writing all numbers of k( 2) in the form 
pub bve 
Cy 


where a,,0,,c, are rational integers, having no common factor, 
221 
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we can show exactly as in k(7) that a necessary and sufficient 
condition for a to be an integer is c, =I. 

Therefore all integers of k(\/2) have the form a+ bv/2, 
where a and 0 are rational integers, and all numbers of this form 
are integers; that is, 1, V2 is a basis of k(\/2). 

§ 3. Discriminant of k(\/2). 


The discriminant of k(.\/2) is the squared determinant 


formed from a pair of basis numbers and their conjugates. 
Denoting it by d, we have 
ao. 

§ 4. Divisibility of Integers of k(\/2). 

The definition is identical with that given in R, k(i) and 
k(\/—3). For example, since 

14-+9V2= (2+ V2) (5 + 2V2) 
14+ 9V/2 is divisible by 2+ 21/2 and 5+ 2v/2. 

On the other hand, since no integral values of x and y exist for 
which the equation 

5+ 2V2—= (1+ 2V2) (4+ yV2) 
is satisfied, 5 + \/2 is not divisible by 1 + 2/27 

§5. Units of k(\/2). Associated Integers. 

The units of k(.\/2), being those integers of k(.\/2) which 
divide every integer of the realm, divide 1, and since all divisors 
of I are evidently units, they can be defined either as those 
integers of k(\/2) whose norms are either 1 or —1I, or as those 


integers of k(\/2) whose reciprocals are also integers. 
Let «, =+1+ yV2, be a unit of k( V2); we have then either 


Hlel=— t. OF 21<|———- 1; 
that is ie a* — 27 TOL li. vv? — 24° —— {,} 
*The reader will recognize i and ii as special cases of Pell’s Equation 
Dy = et 


a discussion of which will be found Chap. XIII, §5. Here we shall treat 
the question from a different point of view. 
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We can easily obtain many solutions of both i and ii, as, for 


example: 
A 1 y= it, eS EE" 

Fe ret 3, yt 2,c=+3+2V2, 
eI, YH H12, eS HITH 122s 
yt L yet Le=t1+V2, 

li. ct 7, yo 5, ea EV 2 


7 
x==+41, y= +20, c= +41 + 20V2. 


We shall now show that k(.\/2) has indeed an infinite number 
of units, each of which can, however, be represented as a power 
of the unit 1-+ 1/2, multiplied by + 1 or —1. This unitr + V2 
is called the fundamental unit. 

THEOREM I. All units of k(\/2) have the form +(1+ V2)", 
where n is a positive or negative rational integer or o, and all 
numbers of this form are units of k(V 2). 

Let e==1+1/2. We see that every positive power of ¢ is a 
unit; for 

n[e*] == (n[e] )*= (—1)"= 1 or —I. 


Hence e” is a unit. 
Moreover, since oc 


e«" is a unit also; that is, all negative powers of e are units, 
Furthermore two different positive powers of « give always dif- 
ferent units; for, since e, —=1-+//2, is greater than 1, the positive 
powers of ¢ are all greater than 1 and continually increase. Hence 
no two are equal. 

Also, since e"=—=I/e", 


it is evident that e? is less than 1 and hence that the negative 
powers of ¢ are all less than 1 and continually decrease. There- 
fore no two negative powers are equal, and no negative power is 
equal to any positive power. Hence every power of « is a unt 
of k(\/2), and two different powers give always different units. 

Therefore k(.\/2) possesses the remarkable property of having 
an infinite number of units. We shall now show that the powers 
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of « multiplied by +1 are all the units of k(\/2); that is, if 
7 be any unit of k(\V/2), it will be of the form 


yet e", 


where n is positive, negative or o. 

Let a+b 2 be any unit of F(\/ 2). Then a—-b v/ 2: 
—a-+bv/2 and —a— by/2 will also be units of k(./2). Denote 
that one of these four units which has both terms positive by 
n,(b may be 0), the remaining three will be —y,, 7,’ and —y,’. 
We shall show that 


Hite oF 
where 1 is positive or 0. 
Since m= 1, 
it follows that 1", 
or << es. 1) 


where v is a positive integer or 0. We shall show that the latter 
case can never arise. Dividing 1) by e", we have | 


I< 9,/e" <e, 
where y,/e" is a unit, since the quotient of two units is a unit. 


Let y/o =x + vv. 
We have (4 + yV2)(*#—yV2) = +1, 
and hence, since + + y\/2 > 1, it follows that 

ae aoe et 

that is fe eye 

This combined with 

I<4+yV2<1+V2 2) 

gives O< 24 <= 2/2. 


and hence, x being a rational integer, 


+= I. 


But, if +1, it is evident that no rational integral value of y 
will satisfy 2), for positive values of y give 


1+yV2si+v2, 


and y =o, or a negative integer makes 
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tyne <7. 
Hence 1) is impossible. and we have 
Paes 
and therefore —n, = — e"; 
and since 1a ae, 


Wo t/t ee, ANd yy ee 


Therefore, if 7 be any one of the four units »,, —7,, ;', —ny’; 
that is any unit of k(\/2), we have 


yt e 


where 7 is positive, negative or oO. 

We can express all units of k(7) in the form 7”, but obtain only 
the four different ones 1, 1, —1, —1, since i*=I. 

Likewise we can express all units of k(\/— 3) in the form 
+ p", but obtain only the six different. ones I, —1, p, —p, p’, 
—p’, since p?>=I. 

Any two integers which differ only by a unit factor are said to 
be associated, and in all questions of divisibility are considered as 
identical. Thus, if a be a factor of p, and m any positive or 
negative rational integer, the infinitely many integers + e"a, that 
are associated with a, are also factors of ». All these factors, 
however, are considered as the same. With this understanding, 
we shall find that the fact that k(\/2) has an infinite number of 
units in no way interferes with our adopting definitions for prime 
and composite numbers of k(1/2) identical with those used in the 
previous realms and proving the unique factorization theorem for 
the integers of k(\/2). 

§6. Prime Numbers of k(\/2). 

The definitions are identical with those in the preceding realms 
and we can determine whether an integer is prime or composite 
by the methods employed in those realms. 


Ex. 1. To determine whether 13+ 12\/2 is prime or composite. 
Put 13-+122= (a+ b\/2)(c+dv/2); 
then — 119 = (a* — 20”) (c*? — 2a’). 
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There are only four distinct cases to be considered : 
° 7 2b°* — ss 7. of omens 
i. a yigimse yg rf : 2b i, 
ec’ — 20° = — 7. c’— 2d? = 7. 
a®* — 2b? = + 119, 
6-— 24, = + 5. 


ili and iv. | 


Both iii and iv give c+ d\/2 a unit and therefore need not be ponsidered. 
As solutions of i we have 


ee Pee te Oy ees yg 
which give 
13+ 12/2 = (5+ 2/2) (1+ 21/2) = (—5— 2/2) eee 
the proper factors being selected by trial. 
Since neither of the integers 5+ 2: Tf 2y/2 TS di unit, 13+ 12\/2 


is a composite number. 
Other solutions of i are 


Pee 7 Vee ee oe oe er ga 8 

which give | 

1g = 12\/ 2 => (7 — 4/2) (11+ 8\/2) = (—7+ 4\/2)(—11 — 8/2). 

As solutions of ii we have 

; ae ee ee eee de a) 

which give 

13 + 12\/2= (—1+ 3/2) (5+ 3/2) = (1— 3/2) (— 5 — 3/2). 
We see, however, that all these factorizations can be derived from any 


particular one by multiplying the factors by suitable units, and hence are 
not different; that is, 


7—4V/2=e7(5+2\/2), m+ 8/2=e(1+27/2), 
—14+3V2=e(5+2V2), 54+3)/2=€(1+2y2), 
where €= 1 +7/2, and we have in general 
13 + 12\V/2 = [+ "(5 + 2\V/2) [+ en"(1 + 2V/2)]. 

Ex. 2. Prove that 1+ 2,/2 is a prime. 

§7. Unique Factorization Theorem for k(\/2). 

THEOREM A. If a be any integer of k(\/2), and B any integer 
of k( V2) different from o, there exists an integer » of k(\/2) 
such that 

|x[a—pB]| < |n[8]|? 
eet a/B=a-+ bv2, 


"See note to corresponding theorem in k(i) which applies equally her 
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where a=r-+r,, b=s-+5,, r and s being the rational integers 
nearest to a and b respectively, and hence 
Ir:l<4 [si] <4. 
We shall show that », =r + sV/2, will fulfil the required condi- 
tions. Since 
a/B —p=r1+5,V2, 
|n[a/8 —p] | = |r,? — 25,°| ss 
whence |n[a/B—p]| <1, 
or, multiplying by |n[8]], 
|nla— wB]| < |n[B]]. 

The proofs of the two theorems which lead to the unique factori- 
zation theorem and that of the unique factorization theorem itself 
are identical with those in k(i) and k(\/—3) with.the exception 
that the absolute value of the norm is substituted for the norm of 
an integer. This is evidently necessary whenever we make a 
comparison between two integers of k(\/2) similar to that made 
between rational integers when we say that one is greater in 
absolute value than the other. It is also necessary when we ex- 
_ press the result of an enumeration as a function of an integer of 
k(V2). In k(i) and k(\W—3) the norms of all numbers were 
positive and hence were their own absolute values. 

The result of an enumeration being always a positive integer, 
the conception of the positive integer being indeed arrived at by 
considering it as representing the result of an enumeration, to 
express such a result as a function of an algebraic integer, a, we 
must have some function of a which is always a poses integer. 
Such a function is |n[a]|. 

TueoreM B. If a and B be any two integers of k( V2) prime 
to each other, there exist two integers, € and », of k( V2) such that 
as + By =I. 

THEOREM C. If the product of two integers, a and B, of 
k(\V2) be divisible by a prime number, zx, at least one of the 
integers is divisible by z. 

THEOREM 2. Every integer of k(\/2) can be represented in 
one and only one way as the product of prime numbers. 
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§8. Classification of the Prime Numbers of k(\/2). 

By a train of reasoning identical with that employed in the 
preceding realms, it becomes evident that every prime, z, of k(\/2) 
is a divisor of one and only one rational prime. In order there- 
fore to obtain all primes of k(./2) it is only necessary to resolve 
all positive rational primes considered as integers of k(1\/2) into 
their prime factors in that realm. 

Let 7, =a-+ bv/2, be any prime of k(\/2) and p the positive 
rational prime of which 7 is a divisor. 

Then = 70, I) 
and hence f=“ a\n(al- 

We have then two cases 


n[ 7] =p, F n[7] i 
nia) ==>, re Re dian © 
i. From n[2] =a’ =p and 1)-it follows that a=7’. 
Since every positive rational prime, except 2, is of one of the 
forms 8n + I, 8n + 3, we must have (excluding the case p=2), 


when P= lel; 

a?— 2b>= _ 1, mod 8, 2) 
or a? — 2b>==—1, mod 8, 5D) 
or a®?— 2b°== 3, mod 8, 4) 
or a? — 2b? = — 3, mod 8. 5) 


The first of these congruences has the solutions 
—i oh = + 
gi et 
The second has the solutions 
Qa ee eee 
me ay orn Pe gem BP 
The last two have no solutions, for they give 
a? == 2b? + 3, mod 8, 
and hence require that 2b? + 3 shall be a quadratic residue of 8. 
But the only quadratic residues of 8 are 1 and 4, whence it follows 
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that a necessary condition that 4) or §) shall have a solution is 
I == 2b? + 3, mod 8, or 4==2b? + 3, mod 8. 

All four of these congruences are easily seen to have no solu- 
tions, and 4) and 5) therefore have no solutions. 

Hence when a positive rational prime other than 2 is the prod- 
uct of two conjugate primes of k(\/2), it has the form 8n+ 1. 

The case p==2 must next be considered. 

The equation a? — 2b? ==2 

is satisfied by 1 ens AB ie 

Hence 2= (2+ V2)(2— V2) = (1+ V2)(—1+V2)(V2)?; 
‘that is, 2, which is the only rational prime divisor of the dis- 
criminant of k(/2) ts associated with the square of a prime of 
b(/2). 

ii. Since n[a]==1, a is a unit. Hence p is associated with the 
prime, 7; that is, p is a prime in k(\/2). When p is of the form 
8n + 3 this case always occurs, for we have seen that to be fac- 
torable in k(\/2) a rational prime must either be 2 or of the form - 
On 1s 

We shall now show that every rational prime, p, of the form 
81 + I can be resolved into the product of two conjugate primes 
oy Avene 

The congruence +?==2, mod p, p==8m-+1, has roots, for 
(2p) When p= on ear, 

Let a be a root; then 

a? == 2, mod p; 
that is (a+vV2)(a—vV2) =0, mod p. 

Since a+1/2 and a—v2 are integers of k(\/2), p, if a prime 
of k(\/2), must divide either a+./2, or a— 2. This is, how- 
ever, impossible, for from 

a+V2=p(c+dy2), 
where c-+dv/2 is an integer of k(\/2), it would follow that 
it esa 
which is impossible, since p and d are both rational integers and 
p>. Hence p is not a prime in k(\/2), and since the only way 
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in which a rational prime can be factored in k(\/2) is into two 
conjugate prime factors, p is factorable in this manner. 

The primes of k(\/2) may therefore be classified according to 
the rational primes of which they are factors as follows: 

1) All positive rational primes of the form 8+ I are factor- 
able in k(W/2) into two conjugate primes, called primes of the 
first degree. | 

2) All positive rational primes of the form 8&n + 3 are primes 
im k(\/2), called primes of the second degree. 

3) Lhe number 2 1s associated with the square of a prime of 
the first degree in k(V/2). 

It can be shown, as in the cases of 2 in k(1) and 3 in k( \/—3), 
that 2 is the only rational prime that is associated with the square 
of a prime of the first degree. We observe that 2 is the only 
rational prime divisor of the discriminant. 

§10. Factorization of a Rational Prime in k(.\/2) determined 
by the value of (d/p). 

As in k(7) and k(\/—3), the above results can be expressed 
in tabular form by means of the discriminant of k(\/2). The 
formation of such a table will be left to the reader. 

§ 11. Congruences in k(\/ 2). 

The unique factorization theorem having been proved for the 
integers of k(\/2), a series of theorems analogous to those 
deduced in the case of the preceding realms can be shown to 
hold for the integers of k( V2). 

Having defined the congruence of two integers of k(\/2) with 
respect to a modulus precisely as we defined that of two rational 
integers, we should find that there are, with respect to a given 
modulus p, | n[]| classes of incongruent numbers, and can then 
deduce for the integers of k(\/2) Fermat’s theorem and other 
theorems relating to congruences. 

§12. The Diophantine Equations 


Ko 2y ed, ky and x 2y, 
It is required to find the rational integral values of x and y 


*See Chap. XIII, § 5. 
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for which these equations are satisfied. Since the first member 
of each of the equations is the norm of ++ yV2, the problem 
reduces, in the light of what we have learned about the integers 
of k(\/2), to that of finding an integer of k(./2) whose norm is 
the quantity constituting the second member of the equation. 

If a+ bv/2 be such an integer, then 


A=== Gd, Waa e 


evidently satisfy the equation under consideration. We see also 
that, if any one of these equations has a single solution, it has an 
infinite number of solutions, for if ra, y= 5) be a solution of 
the given equation, and 


(u+bV2)e"—=a, + b,V 2, 
where e—1-+1/2, and m is any positive or negative integer or 0, 
then since 

n[a, + b,V2] =n[ (a+ dV 2)e2"] =n[a4 by2], 
+= a,, =), is also a solution of the given equation. Moreover, 
since no two powers of e are equal, the solutions obtained by 
giving 1 any two different values are different. Hence the solu- 
tions are infinite in number. We shall consider now each of the 
equations in detail. 
1. y?—2y?==1, i, 2° —25?==— TI. 
The necessary and sufficient condition that an integer of 
k(\/2) shall have the norm +1 is that it shall be a unit. All 
units having the norm 1 are included in the form +(1+V 2)”, 

and all having the norm —1 in the form +(1+\/2)?""1, 2 being 
a positive or negative integer or 0. Negative values of » repeat 
solutions given by positive values, since (1-+1/2)-” is the con- 
jugate of (1 +\/2)" Or its negative. Hence, if 

+(1+V2)"=a-+ by2, 

ee ee 
satisfy i, and if 

(1-2) =a, + b, V2, 

Nie et Ne b,, 


satisfy ii, and these are all the solutions of i and 11. 
16 
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For example: 
= (1 +V2)?=+ (3+ 2V2) gives (+ 3)?—2(+2)?—=1; 


that is 4—==+ 3; Y= 2 are solutions of i; 

while 

= (I+V2)*= = (7+5V2) gives (+7)?—2(+5)?——1; 

that is H=+7;N=+ 5 are solutions of ii. 
Hy iy 4? — 2y —=— p, 


where / is a positive rational prime. The necessary and sufficient 
condition that + p should be the norm of an integer of k(\/2) is 
Po == 1, nod 6 or p——2  Hetiee iirand av are solvable when 
and only when 
p= + 1, mod 8, or p=a2. 
Let p= +1, mod 8. 
If +a, y=b be any solution of 11, all integers of the form 
(@2 by/2) "9g, +b. 4/3 
give solutions of iii, r—=-+a,, ee Or 
n[ (a bvV/2)e"] —nfa + b\/2](—1)**=p, 
and all integers of the form 
(Cee D2 eg be 
give solutions of iv, r—=-ta,, y==+ 0... 1Or 
n[ (a+ bV2)e™] — nla + bV2](—1)™4 =p. 
These are easily seen to be all of the solutions of iii and iv. 
Ex. 1. To find all rational integral solutions of the equations 
P27, £—2y=—*. 
A solution of the first equation is 
hao Oe. 6 


Hence (3 +\/2) (1 +\/2) 20 gives all solutions of the first equation and 
(3 £V/2) (1 +\/2)2n+1 all solutions of the second. 
Thus for example 


(3+ V2)(1-+V/2)?=13+9\/2 gives (4 13)?—2(+09)?=y, 
(3—V2a)(1+V2)*=5+3V/2 gives (+5)?—2(+3)'=7, 
(3+V2)(I+V2)=5+4V2 gives (+5)?—2(+4)?=—7, 
(3—V2)(1+V2)=1+2V2 gives (+ 1)?—2(+ 2)? =— 7, 


Vv. 4° —2y?—=m, vi. +? —2y?—=—m, 
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where m is a positive rational integer. Since m must be the norm 
of an integer of k(.\/2), and hence must be factorable into two 
conjugate integers of k(\/2), the necessary and sufficient condi- 
tion that v and vi shall have solutions is that every rational prime 
factor, p, of m such that p== = 3, mod 8, shall occur to an even 
power. 


If then M== Pibo + PrQy2ttqn?t? «++ ge2ts, 
where Dis Por --*, Pr == +1, mod 8, or ~2, 
and G1 Tes °**s Je = + 3, mod 8, 
we have 


LU dees (m7, oo Tr "Qo" ee s**) CACY Pk Tr Q1"'2 cae Js**), I) 
= (a+ bV2)(a— bY 2) =a? — 20?, 

and x—=-+a, y+ bare solutions of v. If we interchange any 
7 in one factor of 1) with its conjugate, we shall obtain a different 
factorization of m unless u[2]==2, in which case the factoriza- 
tion is not different, since the factors of 2 are identical. 

Suppos, this interchange of a; and z;’, n[a] += 2, to have been 
made, giving 

ioe (a, oF b,V2) (a,— b,V/2) =a,’?— 26, 

Then += + @,, y=== BD, are new solutions of v. Suppose that 
by these interchanges of one or more z’s with their conjugates we 
obtain all possible different factorizations of m. Then by multi- 
plying a factor of each of these factorizations by the even powers 
of « in turn we obtain from each factorization an infinite number 
of solutions of v, and by multiplication by the odd powers of « 
in turn we obtain from each factorization an infinite number of 
solutions of vi, and these are all the solutions of v and vi. That is, 


if a, + b,V2, a, + b,V/2, oats a; + brV2 
be each a factor of a different one of the ¢ factorizations of m, all 
solutions of v are given by 


(a; + DiV/2) 2" = ce tds V2, 
whence HSH, Yor di, 
and all solutions of vi are given by 

(a 0 2c" eo, ey 2 
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whence T=, Y=, 
where 1=1,2,---,t,andu=o,1I,---.. 
Ex. 2. To find all rational integral solutions of the equations. 


to ey IO and ae 119. 
We have 


M9=7 17> (3+ V2) (3 — V2) (5+ 2/2) (5 —2v/2) 
=1G3 + V2) (5 +2V2)11(3— 2) (5—2/2)] 
(ig - I1\/2) (19 — 11/2), 

or = [(3-+V/2) (s—2/2)]1(3 —/2) (5 +2/2)] 
Gs convey 1 6se V7) i | 


Whence we see that (19+ 11V2)e2" and (11 + V2)e2n give all the 
solutions of the first equation, and (19 = 11\/2)e2"4+1 and (11 tH \/2) e2n+1 


give all the solutions of the second. 
Thus, for example: 


(19 + 11/2) (1+ /2) = 414+ 30\/2 gives (+ 41)" —2(+ 30)? = — 110, 
(19 — 11/2) (1+ V2) =—3+48,/2 gives (+ Bye 8) FI) 
(1r-+ V2) (1+ V2) = 134 12/2 gives (+ 11)*—2(+ 12)? = — 79, 
(11 — \/2) (1+ V/2) =9-+ 10\/2 gives (+ 9)*—2(+ 10)? = — 1109. 


CHAPTER: Vitt 


Tue Reatm k(\V/—S). 


§ 1. Numbers of k(\/—5). 
The number \/— 5 is defined by the equation 
x? + 5=0, 

that it satisfies. All numbers of k(V —5) have the form 
a+ b\/—5, where a and D are rational numbers. 

The conjugate of a, =a+bV—5, is a’, =a—bV/—5; also 

n[a] =a? + 50’, 

and | n[aB] =n[aln[B] 

§2. Integers of k(\/—5). 

Writing all numbers of k(\/—5) in the form 


_ 4 thVv=3 
0 : 


Cy 


where a,,b,,¢,. are rational integers, having no common factor, 
we can show exactly as in k(7) that a necessary and sufficient 
condition: for a to be an integer 1s. ¢,-—# 

Therefore all integers of k(\/—5) have the form a+ bV—5 
where a and 0 are rational integers, and all numbers of this form 
are integers; that is, 1, \/— 5 is a basis of k( \/—S). 


§ 3. Discriminant of k(/—5). 
The discriminant of k(/—5) is. 


| I, V—- 5 ; 
| 4 
Be ere ee 
§ 4. Divisibility of Integers of k(\/ —5). 
The definition is identical with that adopted heretofore. 


Throughout this chapter see corresponding sections in k(t). 
245 
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Ex. 1. We see that 1-+5\/—5 is divisible by 2+ \/— 5, since 

1+5V—5= (2+ V—5)(3+V—5). 

Ex. 2. We see that 5 + 2\/—5 is not divisible by 4+ ./—5, since 

§+2/—5= 4+ V—5) @+9V—5) 
holds for no integral values of x and y. 

§5. Units of k(\/—5). Associated Integers. 

The units of k(\/—5) are defined as were those of the pre- 
ceding realms, and as the norm of a number of k(W—S5) is 
always positive, the necessary and sufficient condition that 
e, = ++ yV—S5, shall be a unit is 


ne] = 2? + 59? = 1, 
which gives = Oy ea ee 

Hence 1 and —1 are the units of k(/—S). 

The definition of associated integers and the conventions re- 
garding them are identical with those heretofore adopted ; that is, 
the integers a and —a, obtained by multiplying any integer a by 
the units 1 and —1, are said to be associated, and in all questions 
of divisibility are considered identical. 


§6. Prime Numbers of k(\/ —5). 
The definitions are identical with those in the preceding realms. 


Ex. 1. To determine whether 2 is a prime or composite number in 


k(/—5). 

Put 2 (4+ yV=5) (u +vVv—5); 
then 4= (4° + 5y*) (u? + 50"), 

and hence 


u* +t 5sv* = 2 wt 51 


Evidently i is impossible since + and y must be rational integers. 


es | i: eee: 
OFFI: 


From ii it follows that «+ v\/—5 is a unit. Hence 2 is a prime in 


k(/—5)- 


Ex. 2. To determine whether 1+ ./—5 is a prime or composite num- 


ber of k(.\/—5). 
Put 1+ V5 = (4+ y9V—5) (u+vV—5); 
then 6 = (27+ 5y") (w+ 5v’*), 
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and hence 
x? + 5y" = 3 . fx+5y°=6 
: or il. 2 
u?t5sv=2 wt sv 
from which it is evident as above that 1+ ./—5 is a prime in k(\/—5). 


We observe that we have in 1 + /—5 the first instance of a 
prime number whose norm is not a power of a rational prime. 


We shall see later that a necessary and sufficient condition for the norms 
of all complex primes of any given quadratic realm to be rational primes is 
that the unique factorization theorem shall hold for the integers of the 
realm. 


From these two examples it is easily seen that 3 and 1—V— 5 
are also primes in k(\/—5). 

§ 7. Failure of the Unique Factorization Theorem in k( ea 
Introduction of the Ideal. 

We shall now attempt to establish the unique factorization 
theorem for the integers of k(\/—5) and begin as in the fore- 
going realms by endeavoring to prove the following theorem: 

TueoreM A. If a-be any integer of k(\W—5), and B any 
integer of k(\/— 5) different from o, there exists an integer p 
of k(\W—5) such that 

nla—pB]<n[B]. 

Let a/B=a+bV—s, 
where a= r- + b= 5S, 

r and s being the rational integers nearest to a and J, respectively, 
and hence 


[r,| <4, |s,| <4. 


Let portsV—5; 
then a/B—p=n) as SV—5, 
whence n{a/B—p] =r’ + 55's % 


that is, when p is determined as above, we may have in k(\/— 5) 
n[a/B—p] >1 instead of <1 

as has been the case in the three previous realms. Hence the 

integer » chosen as above will not necessarily satisfy the require- 

ments of the theorem. The method which has hitherto served us 

for the proof of this theorem therefore fails. 
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That this theorem actually does fail for some integers of 
k(VW—5) is evident from the following example. 


Let @— sand By se 
then 
me ae 3—3V—5 ence 


We are to find an integer w=, + + y\/—5, such that 
n[a/8 — pn] = (4—-%)? + 5(—3—y)? <1, 
but this is impossible, for it is evident that for all rational integral 
values of y, including 0, the term 5(—4—y)? is itself >1. 
The method of proof adopted for Theorem A is seen to be depen- 
dent upon ae rey form of the norm of a number 1, ee, 


|n[r, oe eae + s,?|, 7,2 = Sa S|, fos)" |, and 
In? + 55,7], 
and the method is successful if 
Laer Iss] <3 
be a sufficient condition for 
In[r, + 5,0]| <1, 
which is seen to be the case in k(i), k(\/—3) and k(\/2) but 
not in k(V—S5S). 

We can easily determine all quadratic realms in which this 
method of proof holds; that is, those in which this way of select- 
ing w is always successful. 

Let k(\/m) be any quadratic realm,} \/m being a root of the 
equation +? —m==o, where m is a positive or negative rational 
integer containing no squared factor. 

When m==2 or 3, mod 4, k(\/m) has.as a basis 1, \/m, and 
when m== 1, mod 4, k( Vm) has as a basis 1, (— 1 + Vm) /2 (see 
chap. 26, 8 6). 

In the first case, it is easily seen that 


a/B—p=r,+5,Vm, 
eoee Chap, 4,81. 
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and in the second, 


Glia hati So as Vm) /2, 


which give respectively 


a[r, +s, Vm] =r —msy’, 
al ey m—I 
and i | Ls ae Pies aE |= — oe tee a 


2 
Considering first the case m == 2 or 3, mo@ 4, we see that 
nis [sls 1) 
is a sufficient condition that 
lr2?— ms°| <1 2) 
when Wi 1) 2, —= 201 2, but wher: els, thet Yiscer 
dently not a sufficient condition for 2). Considering now m==I1, 
mod 4, we see that 1) is a sufficient condition that 


m— 
|r? —17,5,;— i Aviat ee | 
when and only when m== — 3, 5 or 13. 

Hence Th. A and consequently the unique factorization theorem 
holds in the realms k(i), k(\/—2), k(-V2), 8(-V3), 8(V—3), 
k(\5), k(V13). To these can be added k(W—7), for when 
m==— 7, which is ==1, mod 4, if to 1) we add the condition that, 
when simultaneously 

\7,| =4 and |s,|=4, 
then the signs of we and s, are to be chosen alike, we see that in 
all cases 

|r? — 7,8, + 25,7] <1. 
Hence the theorem holds for k(\/—7). 

A further slight modification in the method of selecting » will 
enable us to show that the theorem holds for k(.V— IT). 

It is easily seen that, if 


In| <3/V55. [ss] <1/V5; 
then Ir? — 7,5, + 38°] <1. a 
Moreover, if either |r,| or |s,| or both == 3, then we can choose 
the signs of r, and s, so that they are alike, and hence 3) holds. 
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There remains the case | 
/V5s|rn|<1/2, 1/V5s|s.| < 1/2 

i. If r, and s, have like signs 3) evidently holds. 

ii; If vr, and s, have opposite signs, for 7, we can put fz, 
=r,-+1 or 7,— I, according as r, is negative or positive, hav- 
ing then 

ee es! 
V5 
and r, of the same sign as s,, in which case 
1. es 351" <1. 

Hence Th. A holds for k(.1/—11).4 3 

It can be easily seen that the original method of selection, even 
when modified as above, will give a suitable value of p» in no 
imaginary quadratic realms other than those enumerated above, 
and it is furthermore evident that these are the only imaginary 
quadratic realms in which the theorem holds. 

It will be observed, as has been said in k(i), that Th. A is 
equivalent to saying that in a given realm we can find for any 
integer B a complete residue system such that the norms of all 
the integers composing it are less in absolute value than n[B]. 
This point of view is illustrated graphically in Chap. V, §8. 
It must be carefully noticed, however, that although Th. A is a 
sufficient condition for the validity of the unique factorization 
theorem, it is not a necessary condition, as will be shown later. 
The proof of the theorem: 


THEOREM B. If a and B be any two integers of k(/—5), 
prime to each other, there exist two integers, & and n, of k(W~—5) 
such that 

ag + Bn=1; 
has been heretofore based upon Theorem A, which has been seen 
not to hold for k(\/—5). This, however, would not, of course, 
justify the assumption that Th. B does not hold for k(\/—5); 
Th. A being a sufficient, but, as we shall see later, not a necessary, 
condition for the validity of Th. B. Nevertheless, the following 

"The cases || <1/V5, 1/V§s|s,|<1/2 and 1/V5s(n1i<1/2, |s,|<1/V5.‘must be 


considered. The inequality can be shown to hold in these cases by the 
method used in the preceding cases. 
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simple example will show that Th. B does not hold in general for 
the integers of k(\/— 5). 

Let a=3, B=1+V—5. 

We have already seen (§6) that 3 and 1 +\/—5 are prime 
numbers; moreover, they are not associates. Therefore they are 
prime to each other. We shall show that it is impossible to select 
two integers, é, =« + yV—5, and y, =u -+vV/—S5, such that 


ag + py=1 4) 
Tf 3(4+9V—5) + (1 +V—S5) (+ 9V—5) =1, 
then 34 +u—5v—I, 
zy tut v=o, 
and hence 34 — 3y —6VU—1, 


which is impossible since the first member only is divisible by 3. 
Therefore € and y can not be found so as to satisfy 4) and the 
theorem does not in general hold for the integers of k( \/—S). 

We shall see later (p. 316) that the theorem: 

THEOREM C. If the product of two integers, a and B of 
k(V—5) be divisible by a prime number, x, at least one of the 
integers is divisible by x, which is a necessary as well as sufficient 
condition for the unique factorization theorem, requires Th. B 
as a necessary condition for its validity. The following example 
will suffice to show that Th. C and the unique factorization 
theorem do not hold for the integers of k(\/—5). We have 

623 (Ve ae 
and we have shown (§6) that 2, 3, 1+1/—5 and 1—V/— 5 are 
prime numbers in k(.\/—5). Moreover, the factors of one 
product are not associated with the factors of the other. There- 
fore 6 1s represented in two ways as the product of prime factors. 

That this is not merely a peculiarity of 6 is seen from 


21=3.7 =(1+2V—5)(1—2V—5), 

9—= 3—2+ V—-5)(@— V—S), 
and» AO 7 2 aN 5 oe 
the factors in the above products being easily proved to be 
primes of k(\/—S). 
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Moreover, that this failure of the unique factorization law does 
not occur in k(\/—5) alone may be shown by an examination 
of the realms k(.\/— 23) and k(\/—8q), in which we have 
respectively 


(27 = 3° = (2+V—23)(2—V— 23), 
and 125=53= (6 +V— 8&9) (6—V— 80), 


3,2 +V— 23 and 2 —\/— 23 being prime numbers of k(\/— 23), 
and 5, 6+.\/—89 and 6—\/—8&g being prime numbers of 
k(V— 89). 


It can now be made clear why we could not define the greatest com- 
mon divisor of two integers, a and 8, 

i. As the common divisor, 5, of greatest norm. 

ii. As the common divisor, 5, such that a/6 and 6/6 are prime to each 
other. ore is 

If a=(1— Y—5)?=—4 Leyes. ene Patt oe V—5)(1—V—5)=6 
then the common divisors of a and § other than the units are 2 and 
I—1/—5. Of these 1— \/—5 has the greater norm, 6, but 1— \/ —5 
is not divisible by 2. Hence 6 so determined has not the important 
property of being divisible by every common divisor of the two integers. 

Considering the definition 11 we see that there are two values of 4, 2 


and 1—\/— 5, which satisfy it, for a/2 and 8/2 are prime to each other, 


and ane and ees --~ have the same property. Hence the defini- 


iS LN 
tion ii, in addition to not determining 6 so that it is divisible by every 
common divisor of a and 8, does not even determine it uniquely. It is 
interesting to see, however, that, if we can find in any realm a common 
divisor, 6, of two integers a and 8, such that every common divisor of 
a and B divides 6, then 6 will satisfy both the requirements i and ii; for, 
considering i, if 6; be a common divisor of a and 8 it divides 45; that is, 


5 — dyn, 
whence n[o] — n[6,] - n[#], 
and therefore either 1n[6,]| < | [6] | 
or in [Os] = |n[9]]. 


In the latter case 
nik) = 1, 


and hence # is a unit; that is 6 and 6, are associated. Hence 54 satisfies i. 
Considering ii, we have 


O00, and 6. one 


Now if a and §; be not prime but have a common divisor, 5, then 6 would 
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not be divisible by every common divisor of a and 8, for it would not be 
divisible by 969,. 

We now ask whether it would be possible to deduce for the 
integers of k(\/—5), without the use of the unique factorization 
theorem, the series of theorems which have flowed from it for 
the integers of R, k(i), R(\V— 3) and k(V2). 

It is easily seen that in general these theorems do not hold in 
k(\/—5). For example, the analogue for k(\/—5) of Fermat’s 
theorem would be: 


If be any prime of R(\~—5) and a any integer not divisible 
by x, then 
qnlrl-1__ 7) mod z, 


and indeed, if 

w=2 and a==1+2V—5, 
2 being a prime and 1+ 2\/— 5 evidently not divisible by 2, we 
have 


(1+ 2V—5)M4 1 = (1+ 2y—5)*—1 
—=— 60 — 34. WV —5 =0, mod 2; 
that is, the theorem holds in this case . 
But if w==2 and a=1+V—5, 


we see that, although 2 and 1 +1/—5 satisfy the requirements 
2 a prime and 1 +\/—5 not divisible by 2, 


(r+ V5)" r= (rp V5) 1 
==— 15 —2\/ —5=£0, mod 2. 

The cause of this peculiar difference in the behavior of 
1+2/Y—5 and 1+~W—5 towards 2 in this relation will be 
made clear later (p. 379). Our next thought is can we by the 
introduction of a new conception of numbers reéstablish the 
unique factorization law for the integers of k(\/—5) when the 
factorization is expressed in terms of these new numbers. The 
introduction of the so-called ideal numbers accomplish this, the 
primes of k(\/—5) being in this widened number domain no 
longer in general looked upon as primes, but as being factorable 


*The term ideal number is used here in a general sense and is not to be 
taken to refer particularly to the ideal numbers of Kummer. 
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in terms of these ideal numbers. When this factorization has 
been performed we shall find that every integer of k(\/—5) 
can be represented in one and only one way as the product of 
prime ideal numbers. 

The following considerations will make clearer their nature, 
and the ideas which have led to their conception. Let us con- 
. sider the narrowed number domain composed of all positive 
rational integers congruent to 1, mod 5; that is, 


LO, ie 104 21 20,397,360) 417 40; ete. 5) 
Our definitions of divisibility. and prime number being the same 
as before, we see that, when our operations are confined to num- 


bers of this domain, the unique factorization law does not in 
general hold; for example, 

620-6550... 10-27; 

1500 == 21-80 == (6-401. 

1206 = 6, 10-81, 
and 6, 16, 21, 56, 81, 86 and 301 are easily seen by multiplication of 
the numbers 5) to be prime in this domain. The cause of this 
failure of the unique factorization law is at once seen to lie in 
the absence of the remaining positive integers. As we suppose 
these integers to be unknown to us and in fact to have no real 
existence, we ask by what train of reasoning are we led from the 
requirements of the task to be accomplished, that is, the reéstab- 
lishment of the unique factorization law, to the introduction of 
these missing integers, or rather the introduction of symbols 
which have their properties so far as the task in hand is concerned. 
Consider 330 = 0-50 —= Faen: 
Since 6 is not contained in either 16 or 21, although the product 
16-21 is divisible by 6, we suppose 6 to be the product of two 
factors one of which is contained in 16, the other in 21, and 
denote these factors by (6, 16) and (6, 21), respectively. The 
factor (6, 16) plays the same rdle with respect to 6 and 16 in 
all questions of divisibility in which these new numbers are used 
that the greatest common divisor of two integers plays with re- 
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spect to these integers when only the original numbers of the 
domain are involved. We can therefore in this sense consider 
(6, 16) as the greatest common divisor of 6 and 16. Likewise 
we consider (6, 21) as the greatest common divisor of 6 and 21, 
and we write 
G-—— (0, 10716, 21), 

denoting by this equation that 6 and the product (6, 10) (0,27) 
in all questions of divisibility play the same role; that is, every 
integer that is divisible by 6 is divisible by (6, 16)(6, 21), and 
conversely. This convention is evidently justified by the fact that 
in reality (6, 16) is 2 and (6, 21) is 3. Similarly we have 

56 = (56, 16) (56, 21), 

16== (16,6) (16,56), 

21==( 21. Glen co), 
and hence 

336 6,56—— (6,16) (6,25) (50 10) (50, en 
= 16.21 ==( 16,0) (10,56) (20 @) el 50)- 

and the factorization is seen to be the same, the change of order 
of the numbers in the parenthesis having no effect on the symbol; 
thateis; (6,10) ——(10.0) ote. ! 

We have now seen that the failure of the unique factorization 
law in a certain number domain can be remedied by the introduc- 
tion of a new kind of number each of which is defined by a pair 
of integers of the domain and may be looked upon as the greatest 
common divisor of these integers. These numbers might be 
called the ideal numbers of the domain, and although the fact 
that the numbers of this domain do not form a realm prevents 
our expanding their conception and definition to the extent that 
we shall now develop those of the ideal numbers of k(\/—5), 
still we shall find that the same conception will enable us to 
reéstablish the unique factorization law in this realm. We shall 
not, however, conceive of these new numbers, which we are about 
to introduce into k(\/—5), simply as being each the greatest 
common divisor of a pair of integers of k(\/—5) and as defined 
by these integers, but as being each the greatest common divisor 
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of an infinite system of integers of k(.\/—5) and as defined by 
any finite number of these integers such that all other integers of 
the system are linear combinations of these with coefficients 
which are any integers of the realm. These numbers we shall 
call the ideal numbers, or briefly the ideals of k(\/—5). To 
make this clearer, consider the equation 


23 Oly 5) V5). 

Since 2 divides neither (1 +\/— 5) nor (1—\V—5), although 
it divides their product, we must, to reéstablish the unique factori- 
zation law, consider 2 as the product of two ideal factors, a and 
b,t which divide 1 -+./— 5 and 1—\/— 55 respectively, the quo- 
tients being supposed, of course, to be ideal numbers also. We 
can denote a and 6 by the symbols (2, 1+\/—5) and (a2, 
I—145) respectively. If now a be considered to bear the rela- 
tion of greatest common divisor to 2 and 1 -+1/—5, it will bear 
this relation to the entire system of integers, which are linear 
combinations of 2 and 1+1/—5; that is, those of the form 
2a + (1 +\V—5)8, where a and B are any integers of the realm. 
Conversely, if a be considered to bear this relation to the entire 
to be determined not by 2 and 1 +1/—5 alone but by this entire 
system of integers, and by a natural transition say now that a 
1s this system of integers. 

We write therefore 

a= (2,1 +V—5), 

understanding by this symbol the entire system of integers which 
are linear combinations of 2 and 1+1/—5, with coefficients 
which are any integers of the realm. In order to define aq, it is 
therefore sufficient to give any set of integers such that all linear 
combinations, with coefficients as above, exactly constitute the 
above system. Hence we can introduce into the symbol defining 
a any integer that is a linear combination of those already there, 
and can omit any integer that is a linear combination of those 
remaining ; thus: 

* Ideals will be denoted by German letters. 
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a= (2, 1+V—5) 
= (2, 1+V—5, 2+2V—3, 34+3V—5) 
= (2, 242V=5, 3+3V—3). 

The object of the preceding discussion, that has been by no 
means rigorous, has been first to show the necessity for the intro- 
duction of ideal numbers, and second to acquaint the reader in 
some degree with the ideas which have led to their conception and 
which induce us to adopt the definition which we shall now give. 
The justification of this definition will be found in the fact that, 
after we have defined what is meant by the equality of two ideals 
and what is meant by their product, we shall see that, when the 
integers of k(\/—5) are resolved into their ideal factors, the 
~ unique factorization law will be once more found to hold. More- 
over, we shall see that the behavior of an ideal towards the integers 
of the system constituting it is such as to warrant our original 
conception of an ideal.as the greatest common divisor of this 
system. 

§8. Definition of an Ideal of k(.\/—5). 

An ideal of k(./— 5) is an infinite system of integers composed 
of all linear combinations of any finite number of integers, 
1,45, +*+,An, the coefficients being any integers of the realm.* 

The integers @,,@,,---.@n are said to define the ideal and the 
integers of the infinite system of integers constituting the ideal 
are called the numbers of the ideal. If an ideal a be defined bv 
the integers d,, d,, «--,@an we write 


0 (2, Aas "=, aa: 
understanding thereby the infinite system of integers of the form 


§,0, ag rINe Bs a eee ie EnOn; I) 


where é,,&,--:,&, are any integers of the realm. We shall call 
(A,,Qs,°*+,An) the symbol of the ideal of a. 


* The general definition of an ideal of any quadratic realm (Chap. XI , 
§ 1) seems at first sight broader than this definition, but as it is shown 
that all the numbers of any ideal are linear combinations of a finite num- 
ber of them, the definitions are equivalent. 


17 
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If y be one of the integers included in 1) ; that is, if 


Y =AyAy + Age $+ ++ + AnOn, 
where ),,A,, -*:,An are integers of the realm, we have 


a= (a, 4, ee (as, ey Ans y)> 2) 
for the infinite system of integers of the form 
my + 2h, + +++ + On + On; 3) 


where 7,, 2, ++; ny, are any integers of the realm, is the same as 
the system I), since putting the value of y in 3), we have 


(yy Hb yngsAr) 1 + C2 + nysr,) Ae oes Cn + nyAn) On, 

a system that evidently coincides with 1). It is evident then 
from 2) that we may, without changing an ideal, introduce into 
its symbol any integer which is a linear combination of those 
already there, the coefficients being integers of the realm, and 
may omit from the symbol any integer which is a linear combi- 
nation of those remaining. 

§9. Equality of Ideals. | 

Pwo ages, 0=— (0.0. 7--- Gy) Gnd 0-— (8), 8.,-=*,Bn), are 
equal when the two infinite systems of integers that constitute 
these ideals are the same. The necessary and sufficient condition 
for this is that every number, a,,@,,--+,Qm, defining a shall be 
linear in the numbers,’ B,, B2,---,@n, defining 6, and that every B 
shall be linear in the a’s; that is, it is necessary and sufficient that 
we shall be able to introduce the numbers a,,a,,---,@, into the 
symbol of b, and the numbers 8,, B,, ---, Bn into the symbol of a; 
in other words, we must be able to reduce the-symbol of either 
one of the ideals to that of the other. 


Ex. 1. To prove that the two ideals a=(2, 1+./—5), and 
b= (2, 1— \/—5), are equal. We have 


(2; I+-V—5)=(2, 1+ /—5, I—\/—5), 


since I—/—5=2(— V—5) + (1+ V—5); 
and (2, 1+V—5, 1—V/—5) = (2, 1— V5); 
since 1+ V—5=(V—5)24+ (1—V—5). 
*'When we say that ai is linear in f;, 82, ---, Bn we shall understand that 


ai = 8, + 82+ ---+&nBn, where &, &, ---, é, are integers of the realm. 
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Having reduced the symbol of a to that of b, the two ideals are seen 
to be the same. 

Ex. 2. To prove that the two ideals a= (3, 1+./—5), and b= (3, 
[-\/-- 5), ate anequal. 

If we can show that any number, as 1-+./—5, of a is not a number 
of b, the two ideals will evidently be unequal. If 1-+./—5 be a number 
of b, then two integers, x + y/—5, u+vV/—5, of k(\/—5) must exist 
such that 


1+ V—5= (4+ 9V—5)3+ (4utvV—5)(1— V5), 


and hence I= 3x +u-+ 5v, 
| I= 3y a v wag 4' 
whence by addition ' 2= 34+ 37+ 6, 


an equation between rational integers that is impossible, since 3 is a 
divisor of the right hand member but not of the left hand member. 


Hence the required integers do not exist, and 1+ ./—5 is therefore 
not a number of the ideal 6. The ideals are therefore unequal. 

Ex. 3. To prove that the ‘two ideals a=(2, 1+./—5), and 
b= (4, 2+2\/—5), are unequal. 

Although, as is easily seen, the numbers defining the second ideal may 
be introduced into the symbol of the first ideal, we cannot introduce the 
number 2 of the first ideal into the symbol of the second; that is, we can- 


not find two integers, x -+ y\/—5, u+v\/—5, such that 
2= (#+yV—5)44+ (utuV—5)(2+2V —5), 
for from this equation it would follow that 
2= 4% + 2u — I0v, 
O= 4y + 2u + 2u, 
whence by subtraction 2= 4% — 4y — 12, 


an equation in rational integers that is impossible, since 4 is a divisor of 
the second member but not of the first member. The two ideals are 
therefore unequal. 

Ex. 4. Show that 


(2, 1+/—5) + (3, 1+V—5). 
Ex. 5. Show that 
(29, 32 —27\/— 5) = (3 +2V/—5). 
Ex. 6. Show that 
(49, 21—7\/—5, 21+ 7\V/—5, 14) = (7). 
Ex. 7. Show that 


(3—V—5, 1+-2V—5) = (7, 3—V—5). 
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§ 10. Principal and Non-Principal Ideals. 

If among the numbers of an ideal, a, there exist a number, a, 
such that all numbers of the ideal are multiples of a, then a is 
said to be a principal ideal, and we have 

a==(a). 

If such a number does not exist, a is said to be a4 non-principal 
ideal. The necessary and sufficient condition for a to be a prin- 
cipal ideal is evidently that we shall be able to introduce into the 
symbol of a a number a such that all the numbers defining a are 
multiples of a. If such a number cannot be introduced, a is a 
non-principal ideal. Let us consider a few ideals with a view to 
determining whether they are principal or non-principal ideals. 


1. (7) > (2 ae ee (6, 8, 2 mistes V—S), ee 3 V —5), 
oe 5). (on Vie) os eet 

if, (2, I seen (3; I aoe forces (3; ey 5): 

Considering those of the set i, (7) and (2+ 1/—S) are seen 
at once from the definition to be principal ideals ; also 


(6, 8, 2+ 6V—5) = (6, 8, 2+6V—5,2)= (2), 
(3, 3V—5) = (3), 


Hence all ideals of the first set are principal ideals. 

Consider now the ideals of the set ii. If (2, 1+W—5) be 
a principal ideal, then there must exist a number, a, of the ideal 
such that 2 and 1 +1/—5 are both multiples of a. 

The numbers 2 and 1-+./—5, being primes in k(\/—5) and 
not associated, have as their only common divisors +1. Hencea 
must be I or —I. 

Since, if 1 be a number of the ideal, —1 is also one of its 
numbers and vice versa, it is sufficient to see whether we can find 
two integers x + yVW—5 and u+vV—5, such that 


Tae Va 5) TV 5) es), 


We have from 1) I~2%+u—5v, 


O—2y +U-+ 4%, 
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which give by subtraction 

I == 2.1 — 2y — 6v, 
an equation in rational integers that is impossible, since the second 
number only is divistble by 2. Hence I is not a number of the 
ideal (2, 1-+\/—5), and this ideal is therefore a non-principal 
ideal. 


Ex. 1. Show in like manner that (3, 1-+./—5) and (3, 1—VW—S5) 
are non-principal ideals. 

Ex. 2.. Show that (7, 1+2\/—5) and (7, 1—2\/—5) are non- 
principal ideals. 


Ex. 3. Show that (21,9+3V—5, —2+4V/—5) is a principal ideal. 

Had we introduced the conception of the ideal in the realms 
k(i), R(\V—3) and k(\/2), we should have seen that in all these 
realms every ideal is a principal ideal, for if a, = (a,,@,,--+,Qn), 
be an ideal, defined as above, of any one of these realms, then, 
since the unique factorization law holds in all these realms, we 
could in every case find integers é,, €, ---,& such that 


E10 + E20. + +++ + Enon = 8, 
where 6 is the greatest common divisor of @,,@,,---,@n. Hence 
we have === (050 oe 
a principal ideal. 
On the other hand, we have seen (Th. B) that it is not always 
possible in k(./—5) to find the integers &,, é,, ---,én; hence the 
fact that not all ideals of k(\/—5) are principal ideals. 


S11. Multiplication of Ideals. 
By the product of two ideals 


d, ==( 4, 0,, >>"; ), O00 0,910 
we understand the ideal defined by all possible products of a num- 
ber defining a by a number defining 6; that 1s, 

ab = (4,81, OB, °++5AiBn, +++, AmB1, °°"; AmBn)- 
In other words, the product of a and b is the ideal whose numbers 
are all possible products of a number of a by a number of J, 


together with all linear combinations of these products. It is evi- 
dent from the above definition that the commutative and asso- 
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ciated laws hold in the multiplication of ideals; that is, ab —=ba 
and ab-c—a-be. 
Exe TY. 
(3, 1+ V—5)(3, 1-— V—5) = (9, 3—-3\/—5, 3 +3V—5, 6). 
= (9, 3-3/5, 3+3V/—5, 6, 3), 
= (3). 
Ex.2. (2, 1+ Y/—5)’= (2, 1+ W—5) (2, 1+ V/—58), 
= (4, 2-+2\/—5, —4+2\/—5), 
= (4, 24+2V/—5, —4+2V—5, 2), 


since 2 -+ 2\/—5 — (—4+2\/—5) —4=2. Hence, since all numbers in 
the symbol are multiples of 2, which is a number of the symbol, 


(2, 1+ V—5)?= (2). 
Tx 3) 
(2, 1+-V—5)(3, 1+ —5)=(6, 24+ 2V=5, 34+3)/—5, —4+2V/—5) 
=(6, 2+2V/—5, 3+3V—5, 1+V/—5), 
since pe 6 es 
and 3+3V—5— (2+2/—5) =1+V—5, 
whence, since all numbers in the symbol are multiples of 1 +.\/—s, 


(2, 1+ V—5) (3, r+ V—5) = (1+ V—S). 
Txs A; 


(2, 1+ V—5) (3, I~ W—5) = ©, 2—2y/—5, 3+3\/—5, 6) 
= (6, 2—2\/—5, 3+3V/—5, I-15), 
since 6— (2—2V/—5) — (34+3V—5) =1—V—5, 
whence, since 
3+3V—5=6— (2—2V/—8) —(1— V—5), 
CG VG) es, a) 
= (I—vV—5), 

since all the numbers in the symbol are multiples of 1 —/—5. 

Ex. 5. Show that 


a) (3, 1+ 2/—5) (3, 1—2\V/— 5) = (3), 
b) (7, 1+2/—5) (7, 1—2V/—5) = (7), 
c) (3, 1+2/—5)(7, 1+ 2V/—5) = (1+-2V_—5), 


d) (3, 1—2V/— 5) (7, 1—2\/— 5) = (1— 2V/— 5). 


THE REALM k(\/—5S). 263 


§ 12. Divisibility of Ideals. 

An ideal, a, is said to be divisible by an ideal, 6, when there 
exists an ideal, c, such that 

a=be; 

b and c are then said to be divisors or factors of a. 

§ 13. The Unit Ideal. 

Every ideal a, = (4,45, -+:,@m), of R(W—5) is divisible by 
the ideal (1), for 

a(1) = (a,,4, -*5On) (1) = (44,4, “++, Qn) =a. 

That (1) is the only ideal of k(.\/—5) possessing this property 
can be easily shown. 

Suppose that there is another ideal ) = (8,,8,, ---,8n), which is 
a divisor of every ideal of k(\/—5). Since it divides the ideal 


(1), we must have Ci) == Ot, 
where Wh fy, eas 
Then (1) = (81, 82, +++58n) Cotas Mos +s Mem)» 
oe (8,444, #4 Oy Teas ++, Onpys ++, Onptm); 
and hence 1=—&,8,m, + €8,m. + -++ + Emn8npm T) 


= 118, + AB + --> + Anda, 
where é,¢,°--,éme and hence A,,A.,--*,An are integers of 
k(V—5). Therefore 1 is a number of ) and 
De (053 05, oe, On 
The ideal (1) is therefore the only ideal which divides every 
ideal of k(\/—5). Hence it is called the unit ideal of k(\/—5). 
It is evidently the whole system of integers of k(\W—5). It 
should be noticed that from 1) it follows also that I is a number 
of m, and in general we may show by this method that, if an 


ideal a be divisible by an ideal } then all numbers of a are num- 
bers of b. | 


§ 14. Prime Ideals. 


An ideal different from (1) and divisible only by itself and (1) 
is called a prime ideal. An ideal with divisors other than itself 
and (1) 1s called a composite ideal. 
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We shall show that (2, 1 +.\/—5) is a prime ideal. If this 
be not the case, two ideals, a and b, neither of which is (1), must 
exist such that 


(2, 1+V—5)=—ab. 
Let ‘hier Ue fe re eee ng) b= (B,, B2, --*, Ba). 
Then we should have 


(2, I +V—5) ir (a, Ay ***s Am ) (B1, B, oe, Bn). 

It may be shown now by the method employed in the last 
paragraph that 2 and 1+ 1/—>5 are numbers of each of the 
ideals a and b, and hence 
(2,1 +V—5) = (G1, +++, Om, 2,1 +V—5) ok 

(B:, ++) Bn, 2,1 +V— 5)- 


Let a;, =a + b\/—5, be any one of the integers a,,a,,-+-, Om; 
then a,=b(1+V—5) +a—b. 


But a—6 is a rational intéger, and hence is of the form 2c or 
2c + 1, where c is a rational integer. We have therefore either 


a= b(1-+V—5) + 2¢, 1) 

or a,=b(1+V—5) +2c+1. 2) 

If 1) be the case, a; may be omitted from the symbol a. If 2) 
be the case, we have 


a;—b(1+V—5) —2c=1, 
and 1 may therefore be introduced into the symbol of q; all other 
numbers could then be omitted and we should have. 
es ae 
Proceeding in this manner with each of the numbers Gas: 
-**,Qm, we see that one of the two following cases must occur, 
either all of the numbers @,,@,,--:,@m are linear combinations of 


in which case we have 

oa (2, I +V—5), 
or some number of a is not a linear combination of 2 and 
1 +1/— 5, in which case I may be introduced into the symbol of 
a and we have | 


reo 0) 
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The same is evidently true for b. We have therefore as the 
cnly possible factorizations of (2, I +W—5) 


(2, 1+-V—s) =()() =(0), 3) 
= Hwy se 11-5) =) 
- = (2, 1+V—5) (1), 
or = (1)(2, 1+V— 5)- 


It has already been proved that 
pt 


hence 3) is impossible. 
Likewise it may easily be shown that 4) is impossible, for we 
have seen (§ 11) that 


Ce =e ae 


while, since 1 +1/— 5 is not a multiple of 2, 


(2, 1+V—5) =F (2). 
Hence 4) is impossible. 
The only divisors of (2, I +./—5) are therefore the ideal 
itself and (1). Hence (2, 1-+—S) is a prime ideal. 
It may be shown similarly that (3, ee W a ec titekew ee 
I—\/—5) are prime ideals. The proof in these cases is sug- 
gested as an exercise. 


Ex. Prove that every ideal of the form (p, 1-+4q\/—5), where p and q 
aré rational primes different from each other, is a prime ideal. 

$15. Restoration of the Unique Factorization Law in Terms 
of Ideal Factors. 

We shall now show that although the factorization of 6 into 
its prime number factors in k(\/— 5) is not unique, nevertheless, 
when we resolve the principal ideal (6) into its prime ideal fac- 
tors this factorization is unique.t. There are evidently two differ- 
ent factorizations of (6) into principal ideal factors; that 1s, 


(6) = (2)(3) = (1 +V—5) (1 —-V— 5). 1) 


*We speak of the factorization of an integer a into its ideal factors, 


meaning thereby always the factorization af the principal ideal (a) 
defined by a. 
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These factors are, however, not prime ideals, for we have 
shown (§ 11) that 


(2) =(2, 1+V—5)?, 
O15 1) 
(I+-V—5) = (2, 1+ V—5)(3, 1+-V—5), 
and = (I1—V—5§) = (2, 1+-V—5)(3, 1—V—5). 
We have shown also (§14) that these factors of (2), (3), 
(1-+V—5) and (1—V—S) are all prime ideals. 
Substituting in 1) we have 


(6) = (2)(3) =(2, 1+-V—5)7(3, r+V—5)(3, 1—V—5), 
and 
(91-5), 6) 
=(2, I ay 5) (3; I +V—5) (2, I—V—5) C3 I—\/—5) 
=(2, I Sym aes SE I +V—5) ae I —V—5). 

Hence (6) can be factored in one and but one way into prime 
tdeal factors. 

Ex. Show that the factorizations of 9, 14, 21, and 49 into prime 
number factors are not unique but that the factorizations of (9), (14), 
(21), and (49) into prime ideal factors are unique. 

We have now shown that the introduction of thé conception of 
the ideal in k(\/— 5) has accomplished, at least in the particular 
example given, what we desired; that is, the restoration of the 
unique factorization law. | 

Instead of showing that the unique factorization law holds in 
general in k(\/— 5) when the factorization is expressed in terms 
of prime ideal factors, and then investigating the properties of 
the integers and ideals of this realm, we shall proceed at once to 
the discussion of the general quadratic realm defined by the root 
of any irreducible quadratic equation. Among these realms are 
included, of course, the special realms k(i), k(\V— 3), k( V2) 
and k(\/—5). We shall see that when the factorization in any 
quadratic realm whatever is expressed in terms of prime ideal 
factors it is unique, and we shall be able to deduce general 
theorems for the integers and ideals of any realm similar to those 
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found for the integers of realms in which the unique factorization 
law held in the ordinary sense. We shall find, moreover, that 
the introduction of the ideal will lead us to the discovery of new 
and deeper properties of these realms. 

The introduction of ideal factors is due to Kummer, but the 
form used in the text and known as ideals is due to Dedekind. 
For an account of Kummer’s researches see his papers, Crelle, 
Vol. XXXV, pp. 319 and 327, especially the former, in which he 
announces his introduction of the ideal number; in the latter 
paper he expands the theory. A brief account of Kummer’s con- 
ception is given in the eleventh supplement to Dedekind’s edition of 
Dirichlet lectures, pp. 545-550; see also Bachmann, Allgemeine 
Arithmetik der Zahlenk6rper, pp. 150-160, for a very interesting 
discussion of Kummer’s ideal numbers and other methods of 
reinstating the unique factorization law in the general algebraic 
number realm. 


CEAPTER LX. 
GENERAL THEOREMS. CONCERNING ALGEBRAIC NUMBERS. 


§ 1. Polynomials in a Single Variable.’ 

Before beginning the study of the general quadratic realm we 
shall give a few theorems which are necessary for our future 
investigations. 

First of all, we shall prove a theorem concerning the divisibility 
of polynomials in a single variable. By a polynomial in a single 
variable, +, is meant, as has been said, an expression of the form 


av” + a,x + ----+ an, 
where m is a positive rational integer and the a’s are quantities 
not containing x. The sum, difference and product of two poly- 
nomials in # are evidently polynomials in x. 
In what follows we shall in all cases assume the a’s to be 
rational numbers. | 
A polynomial, f(#), is said to be divisible by another poly- 
nomial, f,(7), when a third polynomial, f,(4), exists such that 


f(r) =fi(*) fe (4). 
It is evident that all polynomials of the oth degree, that is, the 
rational numbers, divide every polynomial in +. 
If f,(7) and f,(#) have no common divisors other than con- 
stants, they are said to be prime to each other, or to have no 
common divisor. 


THEOREM I. Jf f,(%) and f,(+%) be two polynomials in x 
without a common divisor, there exist two polynomials in x, 
$,(*) and $,(+), such that 


$.(*)fi(4) + bo(4)f2(*) es 


*Weber: Algebra, Vol. I., §§ 1 to 6. 
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Let f,(v) and f,(x) be of degrees m and n, respectively, and 
MeN. 
By division we may put f, in the form 


fi=aletfs I) 


where qg,, the quotient, and f,, the remainder, are polynomials in 
x, and f, is of lower degree than f,. 
Likewise we may put f, in the form 


fo= hat fa 2) 


where f, and f, are polynomials in x, and f, of lower degree 
thar f.. 


Continuing this process, which is none other than that of finding | 
the greatest common divisor of f,(4%) and f,(7), we have 


fs—= sla t+ fo: 3) 
fr=Utstfe 


and arrive finally at a point where the remainder is a constant, 


fx, different from 0, since f, and f, are prime to each other. We 
have then 


feo Qe-oft_1 + fe 


Putting now the value of f, from 1) in 2) we have 


fe (1 + 1192) f2 — hs; 
that is f= a ie 


where 7, and r, are polynomials in +. Putting the expressions for 
f, and f, in terms of f, and f, in 3), we obtain 


fs= Sf. + Sef. 


where s,, s, are polynomials in x. Continuing this process, we 
obtain finally 


fr=wyif, + wef, 


where w,, w, are polynomials in x. As has been said, f; is a con- 
stant different from o. Putting therefore 


i oa fd: (1) eS ee fib (7) ? 


270 GENERAL THEOREMS CONCERNING ALGEBRAIC NUMBERS. 


we have 


fbi (4) fi (4) ae Tibo(*) fo (4) = fi, 


and hence 
b:(4) fi (4%) + b2(4)fo(4) = 1, 

where ¢,(+) and ¢,(.*) are polynomials in x. 

We may generalize the above theorem as follows: 

THEOREM 2. If f,(7) and f,(+) be two polynomials in x without 
a common divisor and g(x) any polynomial in x, there exist two 
polynomials in x, ®,(x) and ®,(x), such that ®,(x7) is of lower 
degree than f,(x) and 


®, (4) fi (4) + ®,(4*)f.(+) =9 (+). 
By Th. r there exist two polynomials in +, ¢,(7), $,(47), such 


that bh ()A(4) + er) fa(4) = 1. 4) 
Multiplying 4) by g(+) we have 


gv) bi(2)fi(1) + 9(4)b2(41)fo(4) =9(*). 5) 
Putting g(7)¢,(*) in the form 


G(¥)bo(4) = 9(4)fi(4) +r(4), 
where g(7) and r(+) are polynomials in + and r(.r) is of lower 
degree than f,(%), and substituting in 5), we have 
l9(Moa(e) +a (OIA) +r( hr) =9(4); 
that is ® (x) f(x) + (4) f,(e) =9(x), 
where ®,(4) and ®,(4%) are polynomials in +, and ®,(+) is of 
lower degree than f,(+). 

A polynomial, f(x), is said to be irreducible in the realm 
k(a) when it cannot be resolved into integral factors whose coeff- 
cients are numbers of k(a). When f(.r) has rational coefficients 
and is said simply to be irreducible, no realm being specified, the 
rational realm is understood; that is, f(%) is not resolvable into 
integral factors having rational coefficients. 


THEOREM 3. An irreducible polynomial, f(x), can have no 
factor in common with another polynomial, F(x), unless F(x) 
be divisible by f(*).. 
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The coefficients of the greatest common divisor of the two 
polynomials F(x) and f(#) are derived from the coefficients of 
these two polynomials by rational operations and are therefore 
rational numbers, since the coefficients of F(#) and f(1) are 
rational numbers. | 

But f(x) is divisible by no polynomial in + with rational coeffi- 
cients except itself and the rational numbers. Hence either F (.r) 
and f(1*) have no common factor or F(#) is divisible by f(+). 

Cor. 1. If f(*) be irreducible and F(x) vanish for one root 
o; the equation f(«) =o, it vanishes for all roots of f(«) =o. 
For, if F(x) vanish for a root of f(.,) =o, F(x) and f(+) must 
have a common factor. But this can only be f(+). 

Cor. 2. If f(*) be irreducible and F(x) be a function of 
lower degree than f(x) that vanishes for one root of f(r) =o, 
then F(a) must vanish identically; that is, all coefficients of 
(ay eare 70. 


§ 2. Numbers of a Realm. 
Let us consider the realm k(a) of the mth degree, a being a 
root of the irreducible rational equation 


f(*+) = 4" + a1") + --- + d,==0, i 
whose remaining roots we denote by a’,a’”’,---,a‘""». 

Any number 6 of k(a), being produced from a by repeated 
performance of the operations of addition, subtraction, multipli- 
cation and division, is a rational function of a with rational coeffi- 
cients and hence can be expressed in the form 


where x(a) and (a) are rational integral functions of a with 
rational coefficients. The realm k(a) is composed therefore of 
all rational functions of a with rational coefficients, the denomi- 
nator never being o. © 

We shall now show that every number of the realm can be 
expressed as a rationa] integral function of a with rational 
coefficients. 
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The degrees of y(a) and ¥(a) can be made lower than the 
nth by virtue of the relation 
a" + a,a"™t+---+a,=0. 


Since w(a) is different from o and of degree lower than the mth, 
w(x) is not divisible by f(), and hence, since f(#) is irreducible, 
Wia) is prime to f(7) (ih. 3).. We can theretore by Th,.1 find 
two polynomials in +, ®,(*#), ®,(#), with rational coefficients and 
®,(x) of lower degree than the nth, such that | 


®,(4)f (7) +O, (1) y(r) =x(4). 2) 
Putting a for # in 2) we have 


®,(a)¥(a) = x(a), 


and hence 
x(4) 
“~~ = ®,(a) ; 
(2) (%) 
that is, Os by ng bia os ba? ecm by a", 
where b,,b,,--:,0n_, are rational numbers. This representation 


of 6 is unique, for, if we had also 
@d=c,+cat+c.a? + ---+¢n,a™, 
then it would follow that 
by — Co + (0, —€,)a + +++ + (On — Cn) a"? =0; 


that is, a polynomial in x of degree lower than the uth would 
vanish for +a, but this by Th. 3, Cor. 2 is impossible unless all 
the coefficients of the polynomial are o. Hence 


by cama hy acer Bn_y nas 


and the two representations are identical. 

The numbers of the realm are seen therefore to be coextensive 
with the totality of rational integral functions of a with rational 
coefficients and of degree not higher than the (1 —1)th. 

We shall next prove the following simple theorem: 
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THEOREM 4. Every number 6 of k(a) satisfies a rational 
equation, whose degree is the same as that of the realm, and 
whose remaining roots are the conjugates of 0. 

Form the equation 

Cy 8) te) 
=i drt. dr=0, 3) 
where 6’, 6”, ---,6@- are the conjugates of 0. 

The coefficients, d,, d,, ---, dn, of 3) are symmetric functions of | 
the roots of 1) and hence rational functions of the coefficients 
of 1). Hence d,,d,,---,d, are rational numbers. Therefore 6 
satisfies a rational equation of the mth degree, whose remaining 
roots are the conjugates of 9. Every number of the realm is 
therefore evidently an algebraic number. 

We turn now to the reducibility of ®(¢), and shall prove the 
following theorem: 


THEOREM 5. The function ®(t) is either irreducible or is a 
power of an irreducible function. The n conjugates of a number 
of k(a) are either all different or else fall into n, systems, each 
containing ng numbers all alike. In the first case, ®(t) is irre- 
ducible, in the second, ®(t) 1s the n,th power of an irreducible 
function of the n,th degree. 

[f &(t) be reducible it must be a product of irreducible factors, 
each of which vanishes for one or more of the quantities 


6,67, =--,6°%, 
Let b(t) = ¢,(t)¢,(t) -++ bay (#), 
where ¢,(t), do(t), ---,¢n,(t) are irreducible and let ¢,(t) vanish 
tor f= 6 that is, 
$, (8) ==0. 
We have seen that 
6—=9(a), 
where a is the number defining the realm and g(a) a rational 
integral function of a with rational coefficients. Then 


$y [9(a)] mesile 
18 
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The equations 
tilg(x)]=0 and f(x) =o 


have therefore a root in common, and, since f(*) is irreducible, 
¢,[9(*#)] must vanish for all roots of f(41) =o; that is, 


$i [g(a’) ] = 0, $; [g(a’’)] Ose, Oy [g(a )]. 
Bot @——9(a).0 —. g(a), ---.0° 9 g(a" ): 


Hence 
$1(8) =0, $,(6") =0, ---,$,(0%™) =o; 
that is, $,(¢) vanishes for all of the m conjugate numbers 
ar | Maree 
If these numbers be all different, ¢,(t¢) is of the uth degree 
and hence identical with @(¢). 
If, however, there be among them only , which are different 


from each other, say 
0, 0’, ++, Ms-2 


then ,(t) = (t— 6) (t— 6’) --- (E— OD), 


Since, moreover, every irreducible factor of ®(¢) vanishes for 
one of the quantities 6,6’,---,6"-1, and hence for all of them 
(Th. 3, Cor. 2), every one of these irreducible factors of ®(t) is 
identical with ¢,(t); that is 6.(t),¢3(t),---,¢n(t) are all iden- 
tical with ¢,(t). 

Therefore @(¢) is in this case a power of ¢,(¢) ; that is, 


P(t) = [o.(7) | where 21, —— 2. 


We have seen (Chap. I, § 1) that every algebraic number sat- 
isfies a single irreducible rational equation. 

We see now from the above that the degree of this equation 
is a divisor of the degree of the realm of which 6 is a number. 
According as the degree of this equation is the same as or lower 
than that of the realm, 6 is said to be a primitive or tmprimitive 
number of the realm. 

Thus 6 is a primitive number of k(a) when it is different from 
all of its conjugates and an imprimitive number when this is not 
the case. 
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THEOREM 6. Any primitive number 6 of k(a) may be taken 
to define the realm; that 1s, 


RG) = F(a). 


Let 6 be any primitive number of k(a) and 0,6”, ---,@-» its 
conjugates, and let w be any number of k(a) and o’,w”, ---, 0"? 
its conjugates. We shall show that » can be expressed as a 
rational function of 6 with rational coefficients, and hence that 
Ra) = PCa): 

We have 

b(t) = (t— 0) (t— @) «-- (t— 9"). 
Then 


’ wo) 


@ @ 
(2) (4 + a t + gaan) = MO). 4) 


where W(t) is a polynomial in ¢t of the (1 —1)th degree, whose 
coefficients are rational numbers, for they are symmetric func- 
tions of the roots of the irreducible rational equation satisfied by 
a, and hence rational functions of its coefficients. Putting 6 for 
tin 4) we have 


@(O 0) (00) Oe Oe ee 
or, putting as usual 
d/dt-®(t) =’ (t) = (t— 6’) (t— 6”) ---(t— 6) + terms 


containing the factor t — 6, we have 


where ®’(@) is a polynomial in ¢ with rational coefficients, and is 
different from 0, since 6 is different from all its conjugates. 
Every number of k(a) can therefore be expressed as a rational 
function of @ with rational coefficients. Hence all numbers of 
k(a) are numbers of k(6), and therefore 


Ri) = F(0): 
THEOREM 7. If f(#)=2"%+a,4%'°+.---+ta,=0 5) 


be an irreducible rational equation, and 6, one of its roots, be an 
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algebraic integer, the remaining roots, 6',0",---,6"-, are also 
algebraic integers. 

This theorem follows directly from Th. 4, Chap. II. It may 
also be proved as follows. 

Since 6 is an integer, it must ee an equation 


F(#) =2"+ 0,4" +.--+b,=0, 6) 
whose coefficients are rational integers. But if F(#) vanish for 


one root of the irreducible equation 5), it vanishes for all roots 
of 5). Hence 6’,6”’,---,9- satisfy 6) and are integers. 


THEOREM 8. The sum, difference, product and quotient, the 
denominator of the latter not being zero, of two algebraic num- 
bers are algebraic numbers. 

Let a and B be two algebraic numbers, which atiet respect- 
ively the two irreducible rational equations 


a + ayx™* 4 ++ + dm =O, 7) 
xe t bgt-1 4... +b, =0. 8) 
~The necessary and sufficient condition that a+ 8 shall be an 


algebraic number is that it shall satisfy a rational equation. 
Form the equation 


ee ee ee ee OB), 
Sa ae aE es Can =O, 9) 


whose roots are the mn numbers 


gn ee 
a 

eee 

The coefficients c,,C,,+++,;Cmn Of 9) are symmetric functions of 


the roots of 7) and 8), and hence rational ftinctions of the coeffi- 
cients of 7) and 8). 

But the coefficients of 7) and 8) are rational numbers. 

Hence the coefficients of 9) are rational numbers, and a+ 8 
is therefore an algebraic number. The proofs for a—£, a8 and 
a/B are of the same character. 

Cor. 1. Every rational function of any number of algebraic 
numbers with rational coefficients is an algebraic number. 
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Cor. 2. The sum, difference and product of two algebraic in- 
tegers are algebraic integers; for in this case the c’s being not 
only rational but integral functions of the a’s and b’s, and the a’s 
and b’s being now integers, the c’s are themselves rational integers. 

Cor. 3. Every rational integral function of any number of 
algebraic integers with rational integral coefficients is an algebraic 
integer. os 

We obtain a still more general theorem when we notice that, if 
we allow the coefficients D,, b,, ---,b, of the equation 


att byt tt... +b,=0 10) 
to be any algebraic numbers instead of restricting them to rational 


numbers, the roots of 10) will nevertheless be algebraic numbers. 


THEOREM 9. If w be a root of the equation 
F(v) =a" +a,r"'+.---+a,=0, 
where Q1,Q,°°*,A4n are any algebraic numbers, it is itself an 
algebraic number. 


Let a,,d,, ---,Q Satisfy rational equations of degree m,, m,, --- 
Mn, respectively, and let the remaining roots of these equations be 


’ 


, a? m4-1 
Ay, a, ere ee 3 ie 


’ ” mMo-1 
ig Ore | Fe ie 2 , 


Let m=m,m,--- mn and form by putting for a; ai, ai’, --: 
aym') (4==1, 2, ++, m) the m polynomials in x 
Flr) =s* ta 4... tay, 
Fo(v#) == e* tae +. +p, 
Pi(4) =a ta," --- + ada, 


’ 


Fa (4) Sx" 1g, Org 8. tg, tet), 
Form the product 
FFF, +++ Fm,.=f (2). 
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The coefficients of f(*) will be symmetric functions of the 
roots of the rational equations satisfied by a,,a,,---,Qn, and 
hence rational functions of their coefficients. They are therefore 
rational numbers and wo, being a root of the rational equation 


f(+) =9, 
is an algebraic number. 


Ex. 1. Let » be a root of the equation 
Big or n/t 0; II) 
We see that \/2 and \/3 are roots respectively of the rational equations 
3-0 “and + —3—0, 
whose remaining roots are —\/2 and —/3. We have 
Fi(4) = # + V2r—V3, 
Fi(4) = — V2r4+ V3, 
Fy(4) = 2°? —V/2e — V3, 
and f(#) =F FFF; = #° — 42° — 2x* — 122° + 9=0 12) 
Hence, » being a root of 12), is an algebraic number. It is moreover an 


integer, since the coefficients of 11) are integers (see Cor. 1 below). 
Cor. 1. If w be a root of the equation 
P(r) =2* + aae 14+ +> +a, =0, 

where A,,Q5,°*+,Qn are algebraic integers, it 1s ttself an algebraic 
integer; for the coefficients of f(+) formed as above are not only 
rational but integral functions of the coefficients of the rational 
equations satisfied by the a’s and these are now rational integers. 
Hence the coefficients of f(x) are rational integers, and w is an 
integer. 


THEOREM 10. Every algebraic number can by multiplication 
by a suitable rational integer be made an algebraic integer. 
Let the algebraic number, a, be a root of the rational equation 


ge a ed a0, 
and let a, be the least common denominator of the a’s. Then 


b b 6b 
eee Oe ee bee mC, 13) 
0 0 0 


where the b’s are rational integers. 
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Multiplying 13) by a,", we have 
(a,a)" ++ b, (aoa )"*"* +- a,0,(a,a)""? + --- +4," "b, = 0; 


that is, a,a is a root of the equation 
y® + byy™* + agbay"? + +--+ + a9" bn =0, 

whose coefficients are rational integers, and is therefore an alge- 
braic integer. 

Exe bet abe a root of 

+ p27 + $e +- $= 0, 
that is, of x34 S27 + 1$4+ 15 —0., 14) 
Multiplying 14) by 12°, we have 
(12¥)* + 6(12%)? + 192(124%) + 2160 = 0. 
Thus 12a is a root of the equation 
y* + 6y" + 192y + 2160 = 0, 

and hence an integer. 

This is seen to be simply the transformation of 13) into an 
equation whose roots are a times those of 1), a being selected 
so as to make the coefficients of the new equation integers. 


CHAPTER xX. 


THE GENERAL QUADRATIC REALM. 


§ 1. Number Defining the Realm. 

By the general quadratic realm we understand the realm de- 
fined by a root of the general irreducible quadratic equation of 
the form 

ax? + bx -+c=0, I) 


where a, b and ¢ are rational integers. 
If a be a root of 1), this realm is denoted by k(a). If a’ be 
the other root of 1), the realm k(a’) is the conjugate realm of 


k(a) (Chap. I, § 4). 
Solving 1), we have 
_— b+ VP — 4ac PE Vee Orie 


a 2a 


2a ‘ 
mabe b? — gac = |?m, 


where m contains no square factor; then 


V b? — 4ac = 1\/m, 


and k(a)=k(Vm); 
bh bliin 
for as 
2a 


is evidently a number of k(\/m) and 


ay pal Bees b 


is a number of k(a). 
Hence k(a) =k( Vm). 
Hence, to consider all quadratic realms, it is sufficient to con- 
sider all realms defined by a root of an equation of the form 
x?=—m=o0, 2) 
soee Chan. 1h,- 1h. 0. 
280 
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where m is any rational integer containing no squared factor. 
We shall understand in what follows by \/m the positive real or 
imaginary root of 2), and shall assume that m contains no square 
factor. 

The conjugate realms k(a) and k(a’) are identical, since a is 
evidently a number of k(a’) and a’ a number of R(a). 

The general quadratic realm is the simplest example of what is 
known as a Galois realm; that is, one which is identical with all 
its conjugate realms. 


§2. Numbers of the Realm. Conjugate and Norm of a 
Number. Primitive and Imprimitive Numbers. 
Let a be a root of the irreducible quadratic equation 


x? + px + q=0. 


‘ Every number, o, of k(a) is a rational function of a with 
rational coefficients, and hence has the form 


a+ ba 
yea as 
where a, b, c and d are rational numbers. 
The number o' = anes 
c+ da 


obtained from w by the substitution of a’ for a is the conjugate 
of w,(Chap. I, § 4). The numbers of k(a) that are rational are 
seen to be their own conjugates. We shall show now that every 
number, w, of k(a) can be put in the form 


w=e+ fen 
where e and f are rational numbers.* 
First, let a be Vm. Then we have 
at+bYm 
ee I) 
c+ am 


*See Chapter YIII, §2, for general theorem of which this is a special 
case. Simplified proofs are given here of this and several following 
theorems. 
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Multiplying the numerator and denominator of 1) by c—dvV/m, 
we obtain 

ac—bdm bc—ad 

a Ali, A de 


Vm. 


All numbers of k(\/m) can therefore be put in the form 
e+ f/m, where e and f are rational numbers. 
If o,=a+bV/m, be any number of k(\/m) it satisfies the 
quadratic equation 
a? — 2ax + a? — mb? 0, 2) 
whose other root is wo’, —=a—bv/m, the conjugate of w. Hence 
every number w of k(\/m) satisfies a rational equation of the 
second degree (Chap. IX, Th. 4). We say that a is a primitive 


or imprimitive number of k(\/m) according as the equation 2) 
is irreducible or reducible. 

The necessary and sufficient condition for 2) to be irreducible 
is evidently b=~o. In other words, a is a prinmtive number if it 
be different from its conjugate (Chap. IX, Th. 5). 

If b=o, and hence ww’ —a, then w satisfies the rational 
equation of the first degree 

+ —a=o. 

The primitive numbers of a realm are thus seen to be those 
defined by equations of the same degree as that of the realm 
(Chap. IX, Th. 5). The imprimitive numbers of a quadratic 
realm are evidently the rational numbers. 

If w be a primitive number of a realm of the mth degree and the 


identity 
do 4 cx + +++ + An1e"-1 = by + Dw + --- + Dn worl 3) 


exist where the a’s and b’s are rational numbers, then the coefficients of 
the same powers of » in the two members of 3) must be equal; that is, 


Ao = Do, ai = bi, oe OR te bn-13 


for otherwise » would satisfy an equation of degree lower than the nth, 
which is contrary to the assumption that is a primitive number of the 
realm. 


We have shown (Chap. IX, Th. 6) that any algebraic number 
realm can be defined by any one of its primitive numbers. This 
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can be proved for the special case of quadratic realms very simply 
as follows: . 

Let a be a primitive number and » any number of k(\/m). 
We have seen above that a and w can be put in the forms 


a=a-+ by/m, 4) 
wo=c+dVm, 5) 
where a, b, c and d are rational numbers. 
— a—a 
From 4) we have Vm= ca 
bc—ad a 
and from 5) @ = —{— + 34. 


Hence every number w of k(\/m) can be written in the form 


o=e + fa, 
where e afd f are rational numbers and a a primitive number of 
k(Vm). Hence 
k( Vm) =k(a), 
and we have proved not only that every quadratic realm may be 
defined by any one of its primitive numbers, a, but that every 
number, w, of the realm k(a) may be put in the form 


woe -+ fa, 
where e and f are rational numbers (Chap. IX, § 2). 

We may evidently choose as the primitive number defining the 
realm an integer. In what follows we shall suppose this to have 
been done. The product of a number, o, of k(a) by its con- 
jugate w’ is its norm? and is denoted by n[w] ; that is, 

nlo| on 

Since 2[w] is a symmetric function of the roots of the rational 
equation satisfied by a, it is a rational function of the coefficients 
of this equation, and hence a rational number. In particular 
when the realm is defined by Ym, we have 


n[w] = (a+ bm) (a— bm) =a? — b?m. 
‘Hilbert: Bericht, § 3. 
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§ 3. Discriminant of a Number.? 

The square of the difference of a number a and its conjugate 
is called the discriminant of the number and is denoted by d[a]; 
that is, 


| 1 
aa, 


It is evidently a rational number and the discriminant of the 
quadratic equation 
x? + a,% + 4,=0, 
whose roots are @ and a’. 
If a be a primitive number of the realm its discriminant is 
different from o, and conversely, if d[a] be different from 0, a 
is a primitive number. 


§4. Basis of a Quadratic Realm. 


THEOREM 1. There exist in every quadratic realm two in- 
tegers, 1, Wo, Such that every integer, w, Jy the realm can be 
expressed in the form 

@ = 4,0, + A,02, 
where @,a, are rational integers.” 

Suppose the realm to be defined by an integer, a, a supposition 
in no way limiting the generality of the proof, and let w be any 
integer of k(a). By the preceding paragraph w can be put in 
the form 


w==7,+7,4, I) 
where 7, and 7, are rational numbers. We have 
wo =r,+7,0'. 2) 


Solving 1) and 2) for r, and 7, by means of determinants, 
we have 


* Hilbert: Bericht, § 3. 

* Hilbert: Bericht, Satz 5. This proof could have been somewhat sim- 
plified had greater use been made of the fact that the realm under con- 
sideration was quadratic, but it seemed desirable to give the proof in a 
form at once extendable to realms of any degree. 
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wo a | a | | 1 a | 

w’ a’ | o’ ar a ae a. 
fem soe oy eam | oo. Saal 

eee | ee 

I @ i 36 iI a 

Lo I |i a’ . A, 
Bae es ina eta 

ee: ls I 2 | 


where 4, and A, are rational integral functions of the integers 
w, w, a and a’ with integral coefficients and hence integers (Chap. 
EX h..8, Cor. 3): 

Moreover, d[a] is a rational number and hence 4,,—r,d[a], 
and A,,—r,d[a], are rational numbers. Therefore, 4, and A, 
are rational integers. Hence every integer, w, of k[a] can be 
put in the form 
A, + A,a 
“aay . 
where A, and A, are rational integers and d[a] is the discrimi- 
nant of a. 

Suppose, now, all integers of the realm to be written in the 
form 3) and consider those in which A, is not equal to o. 
Among these there will be some in which A, will be smaller in 
absolute value than in any of the remaining ones. 


A! + A,/a 
Let @, = a[a] 
be one of these. Then A,’ will be the greatest common divisor 


of the values of A, in all integers of the realm; for if this be not 
the case, let 


(Oy ——— 


a + Aa 
ee la 
be any integer such that 4,” is not divisible by A,’, and let A be 
the greatest common divisor of 4,’ and 4,”. Then we can find 
two rational integers a and b such that 


aA,! + bA," =A, 


@ 
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and hence 
aA,’ + 6A," + (aA,! + 6A,’ )a 
- a[a] 
aA,’ + 6A,’ + Aa 
; a[a] 
is an integer in which the coefficient of a is less in absolute value 


than A,’, which is contrary to the supposition that there is no 
value of A, less in absolute value than 4,’. Hence 


aoe , 
A,=2,A, ’ 


Y = aa, + bo, 


where a, is a rational integer. 
Denoting wo — a,w, by w*, we have 
Ata — 1 Oe A aA 
a[a] oe ale] 
Consider now those integers of the realm in which A,—~o, 
bat 2-07 


There will be one or more among them in which 4, is less in 
absolute value than in any of the remaining ones. 


Let wo, = A,"/d[a] 


ce cor a 
ao” = @ 1,0, = 


be one of them. We see as above that 4,’” is the greatest com- 
mon divisor of the values of 4, in all the integers in which 


A,=0, Vs Iga 08 hg 

and hence wo* = w — 0,0, = 0,0, 
or wo = 0,0, + d,0,. 4) 
There exist, therefore, in every quadratic realm two integers, 


w,, @, Such that every integer, w, of the realm can be expressed in 
the form 4), when a,, a, are rational integers. 


*The remainder could be worded much more simply, if the fact that 
(A, —.a,A,')/d[a] is a rational integer be made use of, but the above form 
seems better as it is in line with the general theorem. 

* The integers, in which 420 and A:=-0, are evidently the rational 
integers, o excluded. Also 4; ”°=—d[a], and #=1. We have 
A,—a,A,'’ = a,A,'", where a, is a rational integer. 
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Every pair of integers, w,, w,, possessing this property is called 
a basis of k(a). 

Cor 1. If o,, wo, be a basis of k(a), then o,', w,' is a basis of 
the conjugate realm k(a’). 

THEOREM 2. If ,, w, be a basis of k(\/m), the necessary and 
sufficient condition that 


w,* = G10, a AoWo, 
w.* == byw, + 202, 


where a,, a, b,, b, are rational integers, shall be also a basis of 
k(Vm) ts 
| % a, re 
|O, 2, 
For the proof of this theorem see the corresponding one in 
R(t) (Chap. V, th. 2 ): 


§5. Discriminant of the Realm. 

If w,, w, be a basis of k( Wm), the square of the determinant 
formed by these integers and their conjugates is called the dts- 
criminant of the realm and is denoted by d; that 1s, 


We see that d is a rational integer, for it is an integral sym- 
metric function of the roots, W/m, —\/m, of the equation 


x? —m=0, 


and hence a rational integral function of the coefficients of this 
equation, which are rational integers. 

That the value of d is independent of the basis chosen may be 
shown as in k(t). 

The discriminant of every integer of the realm is divisible by 
the discriminant of the realm; for, if 


A= d,o, + Au, 


Hilbert: Bericht, p4 181. 
* Hilbert: Bericht, p. 194. 
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be any integer of k(\/m), and 
I= ),o, + dw., 


then 
Male | ra 2 6,0,+6,0, a0,+4,0, ? 
| I a! | | 3,0,’ a b,0,/ ao,’ ag a,o,! 
= Cara | @, 2 
a a, @,/ ow,’ | 
= A’d. 
If dial. 
then 
es Pe 
| 1 2 ss pes o 
| a a 


and I, a, is a basis of the realm. 


We see, moreover, that when d[a] is not divisible by the square 
of a rational intege’, we have 


gial-d. 
and hence I, @, is a basis. 
The converse of this theorem is, however, not true; that is 
d{a] may be divisible by the square of a rational integer and 
still 1, a, be a basis. 


*The definition and deductions of this paragraph are immediately ex- 
tendable to the general algebraic realm of the nth degree. The last fact 
mentioned is of especial importance as it may be shown by the method 
used in the text that, if @ be a root of 


a” + ayxn-1+ ---+an=0, 


where a,, ---, @n are rational integers, and d[@] be not divisible by the 
square of a rational integer, then 1, 9, ..., 9"-1 is a basis of k(@). The 
great value of this fact is that although we may by the method of § 4 prove 
the existence of a basis in a realm of the nth degree, we have, however, 
general methods of determining a basis only in the cases of m= 2 or 3. 
The case n = 2 will be discussed in the next paragraph; that for n= 3 will 
be found in Woronoj: The Algebraic Integers which are Functions of a 
Root of an Equation of the Third Degree, this being a translation of the 
Russian title. A short account of this method will be found in: Tafel der 
Klassenanzahlen fiir Kubische Zahlkorper, by the author. 
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Thus in k(i), d[it],—=-—4, is divisible by 2?, but 1, 7 is a basis 
of k(t). 
§6. Determination of a Basis of k(\/m). 


We have seen that every number of k(.\/m) can be written 
in the form 


a9 
where 7, and 7”, are rational numbers. 
Let he Cond tc, 


where c is the least common multiple of the denominators of 1, 
and ’,, 7, and r, being in their lowest terms. 


Then a 1) 


where a, b and ¢ are rational integers having no common factor. 
The necessary and sufficient condition that a shall be an integer 
of k(\/m) is that it satisfy an equation of the form 


a? pet g==0, 2) 


where p and q are rational integers, the other root of 2) being 
the conjugate of a; that is, 

, a—bm 

a eRe ee 


c 


Hence we have as the necessary and sufficient conditions that a 
shall be an integer of k(\/m) 


2a : ; 
ata = De rational integer, 3) 
; a’ — me ~ ; 
a a rational integer. 4) 


Remembering that a, b and c have no common factor, and m no 
square factor, we shall show that c can have a value different 
from I only when m==1, mod 4, and then can take only the value 
£Ole 2. 


19 
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i. Let c= pc, p being a prime ditterent trome2.. Then trom 
3) it follows that a==0, mod f, 
and from 4) that a? — mb? =0, mod ??, 
and hence mb? ==0, mod ?. 5) 


But 5) is impossible since m can not contain the squared factor 
p?, and if b were divisible by p then a, b and c would have a com- 
mon factor p. Hence ¢ can contain no prime factor different 
from 2. 

ii. Let c= 2¢. We can prove exactly as in i that e can not be 
greater than 1. 

Let e—1; that is, c—=2. Then from 4) it follows that 


a? — mb? =o, mod 4, 6) 

From 6) we see that a can not be even, for this would require 
a? == 0, mod 4, 
and hence mb? == 0, mod 4, 


from which it would follow that either mm contains the squared 
factor 2?, or a, b and ¢ have the common factor 2. 


Hence a=2a,+ I. 
Likewise b=2b,+1; 
for b even gives b? =o, mod 4, 
and hence from 4) a? =0, mod 4, 


which we have seen to be impossible. We see therefore that, if 
c==2, a and b must both be odd in order that a may be an 
integer ; that is, 

a==2a,+1 and b2b,+1. 


We must now determine the form that ™ must have in order 
that a? — mb? may be divisible by 4; that is, that c may be 2. 
From a= 2a, +1 and b= 2b, -+ 1 it follows that 


a? =I, mod 4, 


and b? =1, mod 4,. 


THE GENERAL QUADRATIC REALM. 291 


and hence from a? — mb? =o0, mod 4, it follows that 
I — m==0, mod 4. 7 


Therefore a and b odd and m==1, mod 4, are the necessary and 
sufficient conditions that a2—mb? may be divisible by 4. We 
can have therefore c==2 when and only when these conditions 
are satisfied. Hence, when m=1, mod 4, every integer, a, of 
k(Vm) has the form 
atby/m 
ae ee 
where a and Bb are both odd or both even, and every number of 
this form is an integer of k( Vm). 
When m= 2 or 3, mod 4, the condition 7) not being satisfied, c 
can not equal 2, and every integer of k(\/m) has the form 
a=a-+bvm, 
where a and 0 are rational integers. Every number of this form 
is evidently an integer of k(\/m). The cases m==1, 2 or 3, 
mod 4, include all possible forms of m, m==0, mod 4, being 
excluded, since m would then contain a squared factor. These 
three cases are illustrated respectively by the realms k(\/— 3), 
k(V2) and k(V —1). 
Weshall now show that, if w represent \/ m, \/m or (1 +m) /2, 


according as m==3, 2 or 1, mod 4, then all integers of k(.\/m) 
can be expressed in the form 


a=u-+ vo, 
where « and wv are rational integers. This is at once evident 


when m= 3 or 2, mod 4. 
To show it when m==1, mod 4, we observe first that 


I+Vm 


2 


is then an integer, for it is of the form (a+ b\/m)/2, where a 
and 0 are both odd. 


Then, if a= nee : 
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be any integer of k(\/m) (m==1, mod 4), we have, since 
Vm = 2w — I, 


Oot oe) a 
cE 2 So 


+ bo ; 


that is a=u-+ va, 


where «== (a—b)/2, v=b are rational integers; for a and b 


are rational integers, and (a—b)/2 is an integer, since a and b 
are both odd or both even. 


EXAMPLES. 


1. Give a basis of each of the following realms: k(/5),k(\/6), 
k(V—10), k(V—13), k(V15) and k(W—2z1). 

2. Tell whether each of the following pairs of numbers is a 
basis of the realm to which it belongs, 2 + 3\/6,1 + V6; 1+ 6, 
7+6V6; $(3+7V5), 3(—1—3V5). 


CHAPTER? Xt 
THE IDEALS OF A QUADRATIC REALM. 


§1. Definition. Numbers of an Ideal. 
An ideal of a number realm is a system of integers, A,, A, As; 
-+, of the realm infinite in number and such that every linear 
combination, 4A, +A, +Agag+---, Of them, where ry, A», Az, °*° 
are any integers of the realm, 1s an integer of the system. 
The integers of the infinite system which constitutes the ideal 
are called the numbers of the ideal. 


§2. BasisofanIdeal. Canonical Basis. Principal and Non- 
Principal Ideals. 


THEOREM I. There exist in every ideal a of a quadratic realm 
two numbers, 4, 4, such that every number of the ideal can be 
expressed in the form 


w= 1,4, + lots, 


where l, and 1, are rational integers. 
Suppose all numbers of a to be written in the form 


L= 4,0, + Au», 


where w,, w, is a basis of the realm, and consider those for which 


a, =O. 


Among them must be some in which a, is smaller in absolute 
value than in any of the remaining ones. 

Let 1,,== bw, + cw,, be one of these; then c will be the greatest 
common divisor of the values of a, in all the numbers of a (see 
hap..<, Thy 1). 


We have O.=— lc. 


*The definition given in k(,\/ —5) will be seen later to coincide with 
this. See also Hilbert: Bericht, p. 182. 
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where /, is a rational integer, and hence 
t— lu, = (a, — 1,5) 0. 


Consider now those numbers of a in which a, 0, but a, +o. 
Just as before we can show that there exists among them cer- 
tainly one, 1, =aw,, such that a is the greatest common divisor 
of the values of .a, in all the numbers of the ideal for which 


a0, 0, ——-0. 

Hence a, —/,b=1,a, 
where /, is a rational integer, and 
we have t— lat, = 11, 3 
that is iad eee a 
hence 1,, «, are the desired numbers. 

Any pair of numbers of a such as ¢, «%, having the property 
required by the theorem, is called a basis of the ideal a. The nec- 
essary and sufficient condition that any other pair of numbers of a 

t* =Ayty + Agty, 
to == Dy, + Dota, 


‘shall be a basis of a is that 


This condition can be satisfied by an infinite number of sets of 
rational integers, a,, a,, b,, b,, and hence each ideal has an infinite 
number of bases. We shall call the particular basis aw,, bw, + co, 
defined as above a canonical basis. Taking 1, as a basis of the 
realm, we have as a basis of a a, b+ cw, an especially convenient 
form, in which a is evidently the rational integer smallest in abso- 
lute value occurring in a. 

Cor.t. If ayo, + a,0,, b,0, + b,0, and c,o, + Cows, do, + daw, 
be bases of the same ideal, then 


ll, a,|| | ro c, || 
|| 6 6, | |, d, || 


epee. Chap. V. Lh. ‘1- 
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Cor. 2. If a,0, + d,02, bo, + 0,0, be a basis of an ideal, a, 
and C,w, + C0, do, + dw, be any two numbers of a, and 


1 4 


| 4, a, | 


then Cw, + €,05, d,0, + dw, is also a basis of a. 


| c l 2 


b 


b 


1 2 


Th. 1 shows at once that all ideals of a quadratic realm would be 
obtained, if we paired the integers of the realm in all possible ways and 
took each pair a, 8, as defining an ideal (a, 8); for among these pairs 
would be certainly a basis of every ideal of the realm. In this pairing, 
however, each ideal would be repeated an infinite number of times. 
The definition given of an ideal (§ 1) holds for realms of any degree, 
as does a theorem similar to Th. 1: namely, in every ideal of a realm of 
the uth degree there exist m integers, 4, 4%, ---,¢n, such that every number 
of the ideal can be expressed in the form [4+ l.+ ---+Intn, where 
li, l2, «++, In are rational integers. See Hilbert: Bericht, Satz 6. 

If a,,a,,---,a@, be y numbers of a such that every number of a 


can be represented in the form 


AA $ Ape + +++ + Arar, T) 
where A,,A.,°-+,Ar are integers of the realm, we can define a by 
the symbol (a,,a,,---,a,); that is, we write 

G-——(G05, a7), 
understanding thereby the infinite system of integers of the form 
1), the d’s taking all possible values. We shall call a,,a,,---,a, 
the numbers defining the ideal a. 

The numbers of a are all those of the form 1). We may intro- 
duce into the symbol any integer which is a linear combination of 
those already there without changing the ideal defined by it. 
Lhus,. if Ag—=A,a, +dA,a,+---+A,G,, 
we have a= (010s) 0) 
for the system of integers 


AA, + Ag, + +++ + Arar 


is coextensive with the system 


Ny AA, fF +++ fF Arar + Ase, 


the A’s taking all possible values. 
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Likewise, if any integer in the symbol be a combination of the 
remaining ones therein, it may be omitted from the symbol. 


Thus, if a, == p We — A353 — mene ~ Arar, 
we can write 
t= (as, As, ***, ar) = (a; ; Posd dy). 


We speak for the sake of brevity of (a,,a,,---,a,) as the 
ideal a, and instead of saying that we introduce a number, ag, 
into the symbol of a or omit it from the symbol, say that we 
introduce a, into the ideal a or omit it from the ideal, although a; 
is and remains a number of a. It will be convenient also, if 1,, 
be a basis of a, to speak of (1,, 1.) as a basis representation of a. 
The determination of the question whether an integer a belongs 
to a given ideal a will be greatly simplified by some properties of 
ideals which will be developed later. It can, however, be easily 
decided now, if we have a basis of the given ideal, for if 
a, =a, + a,0', be any integer of the realm and }, + b,o, c, + cow 
be a basis of a, the necessary and sufficient condition that a shall 
be a number of a is evidently that two rational integers /,, J, 
exist, which satisfy the equation 


1, (6, + bw) + 1, (¢, + Cyw) == A, + Ago. 2) 
Equating the coefficients of the powers of w in the two mem- 
bers of 2), we obtain the equations 


b,I, ae C,l,=4a,, 
bal, + Cyl, = ay, 3) 
which determine 1,, /,. 

If the values of /,, 1, found from 3) be integral, a is a number 
of a, otherwise not. If we have not found a basis of a, we can 
generally determine whether a is a number of a by means of the 
fundamental condition that a is or is not a number of a according 
as @ is or is not a linear combination of the numbers defining a 
with coefficients which are integers of the realm. For an ex- 
ample of this method see p. 259. 


*Unless the contrary be stated, 1, w is taken as a basis of the realm. 
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An ideal which consists of all and only those numbers of the 
form Aa, where a is a particular integer and A any integer of the. 
realm, is called a principal ideal and is denoted by (a). An 
ideal not having this property is called a non-principal ideal. For 
examples of principal and non-principal ideals see Chap. VIII, 
§ 10. It should be observed that although all numbers of a prin- 
cipal ideal, (a), are multiples of the single integer a, when as 
multiplier we take any integer of the realm, nevertheless, just as 
in the case of a non-principal ideal, a basis of (a) consists of 
two integers, w,, Qw,, where w,, w, is a basis of the realm, for 
every number of (a) has the form 


(0, + Ayo. )A = 4,0, + Aho, 
where a,, a, are rational integers. 
For example: a basis of (1 +V— 5) ist +V—5, (1 +V—5) 
V—5; that is, 1-+V—5, —5+V—5. 
If the difference of two integers a and B be a number of the 
ideal a, this fact is expressed symbolically by writing 


a==B, mod a, 4) 


and we say that a is congruent to ® with respect to the modulus a. 
The fact that a— f is not a number of a is expressed symbol- 
ically by writing 
a== £8, mod a, 5) 
and a is said to be incongruent to B with respect to the modulus 
a. Every number, a, of the ideal a is congruent to o with respect 
to the modulus a, or in symbols 


a= 0, mod a. 6) 


No meaning other than the symbolic expression of the facts 
mentioned must be attached for the present to 4), 5) and 6). 
Thus we write 


3—2V—5=1+2V—5, mod (7, 3+V—5); 
since g—2V=$—(1-+-2V—5) =2—4V=3 
is a number of (7, 3-+\/—5), and we write 

ei arer pe er e ear 
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since =I-+5V—5— (2—3V—5) =—1+8V—5 
is not a number of (1-++ 2\/—S). 

Although the actual determination of a basis of any given ideal 
of a quadratic realm must be postponed until the properties of 
ideals have been more fully investigated, we can, however, now 
determine whether any two given numbers of an ideal a are a 
basis of a. 

The necessary and sufficient condition for a,, a, to be a basis 
of the ideal a,= (a,, a,, ---, a), is evidently, since every num- 
ber of a has the form A,a,-+A,a,-+---+.,a,, that for every 
possible choice of the A’s we shall be able to find two rational 
integers, 1,, /,, such that 


Ai, Aedes oe Are = lay a 1,2. 7) 


Let w,, w, be a basis of the realm, and 


Aj = Ajw, oe biws ; 
i==1,2,°°-,7. 
i= Cio, + div, 


We have on equating the coefficients of the number defining 
the realm in the two members of 7) two equations between 
rational integers, whose satisfaction by suitably chosen rational 
integral values of /,, /, for all possible choices of the c’s and d’s 
is the necessary and sufficient condition that a,, a, shall be a 
basis of a. 


Ex. 1. That 3, 1+./—5 is a basis of (3, 1-+./ —5) may be easily 
shown by the above method. Every number of (3, 1+./ —5) has the 
form 


(Gr Oty a sy 9) Cl 5) 8) 


where ¢1, d:, C2, dz are rational integers. 

If 3, r++ —5 be a basis of (3, 1-+./ —5), then every number of 
the form 8) must be expressible in the form 43+1(1-+ +. —5), where 
lL, ds, are rational integers, and hence for every possible choice of 
C1, di, C2, d2, we must be able to find rational integral values of h, l, which 
satisfy the equation 


(ert di —5)3+ (2+ d2\/ — 5) GQ+V—5) =13+h0+V—S), 


or 


3¢1 + co— 5d2 + (3d1 + 2 + d2) J—5 = 3A +h + hV— 5. 9) 
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Equating the coefficients of the different powers of \/ — 5, we have 
3¢1 + co — 5d2 = 3h + 1: 10) 
3d1+ c2 + d2= |, II) 
as the two equations whose satisfaction by rational integral values of 
l,, lz for every possible choice of ¢1, di, C2, d. is the necessary and sufficient 


condition that 3, 1-+./—S5 shall be a basis of (3, 1+ W—5). Sub- 
tracting 11) from 10), we obtain 


3¢1 — 3d: — 6d2 = 3h, 


3d. + C2+ dz = l., 


a system equivalent to 10), 11), and which evidently fulfils the required 
conditions. 

Hence 3, 1+./—S5 is a basis of (3, 1+ ./ —5). In this particular 
case, we might have arrived at the result by simply observing that 
1++/—5 must be the required basis number b+ c¢\/ —5, since c has 
in 1+./ —5 the smallest possible value; that is, I. 

Moreover 3 must be the basis number a, for if (3, 1+ ./ —5) contain 
a rational integer smaller in absolute value than 3, it would contain 1 
and we should have 


12) 


(3; 14-\/— 5) =), 
that is easily shown to be impossible, the equation 


(ert ern/ —5)3 + (ai t+aV—5)(1+V—5) =1 
not being satisfied by rational integral values of ci, cz, di, dz. Therefore 
3, 1+~V —5 is a canonical basis of (3, 1+ VW —5). 


Having shown that 3, 1+./—5-is a basis of (3, 1+./—5), we 
know that the necessary and sufficient condition for any two numbers, 
4, 4, to be a basis of (3, 1 +./—5) is that 

4 = 4:3-+ a(1-+V—5), 
= b,3-+ b2(1 + V—5), 


where di, dz, bi, bs are rational integers satisfying the condition 


13) 


la, @, 


b, 4, | 


eet ets 

This condition is evidently satisfied by an infinite number of sets of values 
of a, dz, b,, be, from which we obtain by 13) an infinite number of 
different bases of (3, 1-+./ —5). Thus since 


we see that 
3-3+1- AV —5)—10+V —5 
11-3+4 (1+ V—5) =37+4V—5 

is a basis of (3, 1 + V—S). 
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On the other hand 
§5—V —5=2:°3—11+V—5), 
11—4\/ —§=5-3—4(1+ V—5), 
is not a basis of (3, 1++/ —S), since 


i ee a 
a 


By means of the condition given in Th. 1, Cor. 1, it may be shown even 


for I, \/ —5 being a basis of the realm, we have 


Be eel Ss, 
I+ V—5=1-1+1-V—5, 1I—4\/ —5=11-1+—4-V—5, 
IP fells =) 
Hx rif itr al 
Ex. 2. We can show in like manner that Se a 
is not a basis of the ideal (—2-+, —1-+-5w) of the realm k(.\/ — 3), 


—3 being taken as a basis of the realm. 


oe ina. 
Po 


Proceeding as in Ex. I we see that the necessary and sufficient con- 
dition for —2-++, —1-+ 5 to be a basis of the given ideal is that the 
equation 


Cc + dw) (— 2 + w) + (c2 a dw) (— u ~t- 5w) 
=1,(—2-+) +h(—1-+ 50) 
shall be satisfied by rational integral values of lh, 1, for every possible 
choice of ¢1, di, C2, do. 
Performing the multiplications indicated in 14), putting #’——1-+4, 


and equating coefficients of like powers of » in the two members, we have 
the equations 


14) 


— 2¢,— 4 — a, — §¢, = — 24, — 7, 
: ; C+ 542-4 + 4a, = 4, + 54, 
which give 
— 96, — 6d, — 21d, = — 94, 


9, — 34, + 34, = 9/, 


These equations evidently do not give integral values for h, l for 
every possible choice of ¢:, di, co, dz; for example, for ci: = di = c2=0,2 = 1. 
Hence —2-+, —1-+ 5 is not a basis of (—2-+, —1+5w). We 
have chosen an ideal of the realm k(,\/ —3), in which the unique fac- 
torization law holds in the ordinary sense, to emphasize the fact that 
with the introduction of ideals all quadratic realms are to be treated 
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alike, and that all theorems to be deduced hereafter will be equally valid 
whether the unique factorization law holds in the ordinary sense or not. 
Ex. 3. Show both by the above method and by the nature of a canonical 
basis that 7, 3-+./—5 is a basis of the ideal (7, 3-+./—5); also that 
34+V—5, 5+4V—5 is a basis of the same ideal. In k(\/ —23) 


show that 3, — tv 73 is a basis of the ideal (3 ; tv= 23), also” 
pa 24 sve 
2 


is a basis of the same ideal. 


that 4-+ V/— 23, 


In k(\/6) show that 10 + 3/6, 6+2\/6 is a basis of the ideal 
(10+3V6,6+2V6). = 

Bx. 4 _ Show Phat fg oa + 3\/— 5 is not a basis of the ideal 
(7+7V—5, —5+3V—S5). 


Ex. 5. Show that (3 LEN) is a principal ideal of k(\/ 13). 


Show that the two ideals (2 it V—15) and (3 SEV) are 


both non-principal ideals of k(,/—15), but that their product is a prin- 


cipal ideal. Show that (2, 1+ ./—13) is a non-principal ideal of 


k(\/— 13). 

§ 3. Conjugate of an Ideal. 

If a be any ideal, the ideal, whose numbers are the conjugates 
of the numbers of a, is called the conjugate of a and is denoted 
by a’! It is easily seen that, if a= (aj, a, ---, Gn) be any ideal, 
then a’ = (a,’, a,’, «+, An’) is the conjugate of a; for, if 

AA, + Ash, + +> f Anan 
be any number of a, its conjugate 
Non ae ace 
is a number of ai and vice versa. 

Moreover, if a,, + d,0,, b,0, + 0,0, be a basis of a, where 
w,, ) is a basis of the realm, then a,,’ + a,w,’, bw,’ + bw,’ is a 
basis of a’. The truth of the last statement is readily seen when 
we remember that, if a,o, + ,0,, b,0,-+ 5,0, be a basis of a, 
then every number, a, of a can be expressed in the form 

A= a(d,0, + A,0,) -+ b(D,o, + byw2), 
where a and 0 are rational integers. 
The corresponding number, a’, of a’, being expressible in the 


form a’ = a(a,u,’ + a.w,’) + b(b,0,’ + b,0,'), 


it is evident that a,o,’ + a,o,’, b,0,’ + b,0,’ is a basis of a’. 
* Hilbert: Bericht, p. ror. 
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For example, the conjugate of (2+ 3V—5, 7+2V—5, 17) 
is (2—3/—5, 7—2V—5; 17); also since 3, 1-+-1/—5 is a 
basis of (3,1 +V—5),3,1—V—5 is a basis of (3, 1—\/— 5). 

§ 4. Equality of Ideals. — 

TWO deals, (== a. Oi 0) Nd Y= (Be B oo. ba Ore 
said to be equal, and we write a=b, when every number of a 
1s a number of 6 and every number of 6 1s a number of a. 

The necessary and sufficient condition for the equality of a 
and 6 is that every number, aj, defining a shall be expressible 
in the form 


i =A Bi + ABe +--+ +AcBs, 
and that every number, 8;, defining 6 shall be expressible in the 


form Bi Bry + pee  v+* frre. 


The practical test of equality is to see whether the symbol 
defining either one of the ideals can be reduced to that defining 
the other by the introduction and omission of numbers under the 
laws given in the preceding paragraph." 


Ex a Show that, (64-2,/ 5) 60-6957 5) == (Cg on /—s, pe 
Ex. 2. Show that 


Gee 5+8 713, s+2V13)=(5+ V3, 6 V'13). 


Ex. 3. Show that (7, 1-+-V—13) = we a ae a 
§ 5. Multiplication of Ideals. 
By the product ab of the two ideals 


A==(a,,4,-+-,ar) and b= (B,, By, --; Bs) 
is understood the ideal, whose numbers consist of all possible 
products of a number of a by a number of b, together with all 
linear combinations of such products with coefficients which are 
any integers of the realm.” 


We have therefore 


ab = (Q:8:, on -,0,Bs, ---,ArB,, ANG 0 Fe pho 


nsec Chap: Vill, so. 
* Hilbert: Bericht, p. 183; also see Chap. VIII, § 11. 
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where the numbers defining ab are all possible products of the 
numbers defining a by those defining b. 


If a==(a) and b= (fj, 82, +++, Be); 
then ab = (aB,,4B., --*,;@Be)- 

EE = (a) and (8), 
then ab== (ap), 


and we see that the product of two principal ideals is a principal 
ideal. 
It is evident from the definition that 


ab = ba, 
and that abt == 0c 


that is, that the commutative and associative laws of multiplica- 
tion hold for ideals. 


Ex. Show that 
(2, V/ — 26) (3, r— VW — 26) (5, 2+ VW — 26) = (2+ V — 26). 


§ 6. Divisibility of Ideals. The Unit Ideal. Prime Ideals. 
An ideal, a, 1s said to be divisible by an ideal, 6, when there 
exists an ideal, c, such that 
a= be. 


We say that 6 and c are divisors of a, and that a is a multiple 
of 6 and c. We have as a direct consequence of the above 
definition : | | 

If each of a series of ideals a, Q,,03,°--, be a multiple of the 
next following one, then each is a multiple of all that follow. 

If two or more ideals, a, 6, ¢, ---, be each divisible by an ideal 
j, j is said to be a common divisor or common factor of a,b,c, ---. 


THEOREM 2. If the ideal a be divisible by the ideal b, then all © 
numbers of a belong to b. 
For suppose that 
a= 0c: 
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where 
(== (Hy, Fg, ++) Or), D= (By, Boy ++ Bes C= (yu yor ss yt) 3 

then O= (Biya -°+s Bryts °**s Bsyis Bsyt)- 

The numbers, B,y,,---, Bsyt, defining a are seen to be numbers 
of b. Hence all numbers of a are numbers of b. 

Therefore 

b= (82) 8,0 gd. 0), 

and — Ca, OG Se aga, “+5, Mr). 

Cor. If two ideals be such that each is a divisor of the 


other, they are identical. 

The converse of Theorem 2 is also true; that is, if all numbers 
of a be numbers of 6, a ts divisible by b, but its proof must be 
deferred until some necessary theorems have been demonstrated. 

Every ideal is divisible by the ideal (1), which consists of all 
integers of the realm. Therefore (1) is called the unit ideal. 

The only ideal having this property is evidently (1), for every 
divisor of (1) contains all integers of the realm and is (1). We 
observe that (7) = (1), where y is any unit of the realm. 

Since (1)a= a, there is, in the case of ideals, no distinction to 
be made corresponding to that made between associated integers. 
An ideal, not the unit ideal and divisible only by itself and the 
unit ideal, is called a prime ideal. 

In k(V—5), (2, 1+-V—5); (3, 1+-V—5), (3, 1—V—5) 
were shown to be prime ideals (see p. 264). 

Two ideals are said to be prime to each other when they have 
no common divisor except (1). Two integers a and B of the 
realm are said to be prime to each other when the principal ideals 
(a) and (B) are prime to each other. 

For the sake of brevity we shall often say that an integer a 
is divisible by an ideal a, instead of saying that the principal ideal 
(a) is divisible by a. The latter meaning is, of course, always to 
be understood. Similar expressions, such as “a prime to a,” 
“the greatest common divisor of a and a,” etc., are to be taken 
in the same sense. 
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By means of the definition of divisibility and the fact that 
every ideal has a basis, we can prove the following important 
theorem: 


THEOREM 3. An ideal j is divisible by only a finite number of 
different tdeals.* 


Let a= (dw, + be,, cw, + do.) 


be a divisor of j, where aw, + bw,, cw, + dw, is a basis of a, 04, wo, 
being a basis of the realm. 
Let 8 be any number of j. Then, since 


n[8] = BB’ =o, mod }j, 
and a is a divisor of j, we see that by Th. 2 
n[B] =0, mod a; 


that is, the rational integer n[8] belongs to every divisor of j. 
Denote now n[B] by 2 and let a,, b,, c,, d, be the smallest posi- 
tive remainders of a, b, c, d with respect to m. Then 


A= (aw, + dw, Cw, + dws, 1) 
= (d,0, + Dyw,, C,0, + dyw,, 1) T) 


Suppose every divisor of j to be expressed in the form 1). 
Since a,, b,, c,, d, can each take only the finite number of values 
O,1,2,---,|m|—1, it is evident that the number of different 
divisors of j is finite. 


§ 7. Unique Factorization Theorem for Ideals. 

We shall now proceed to prove the theorem whose truth is the 
raison d’ctre of the ideal; that is, that every ideal can be repre- 
sented in one and only one way as a product of prime ideals. 

This theorem will enable us to develop for the ideals of the 
general quadratic realm a series of theorems similar to those 
already given for the integers of certain realms in which the 
ordinary unique factorization theorem held. 

The proof of the unique factorization theorem for the ideals 


* Hilbert: Bericht, Hiilfsatz 1. 
20 
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of the general quadratic realm will be very like that for the 
integers of R, k(\/—1), k(V—3) and k(V2). It depends 
directly upon the theorem that, if the product of two ideals be 
divisible by a prime ideal, at least one of the factors must be 
divisible by this prime ideal. The latter theorem is a consequence 
of a series of three theorems which have no analogues in those 
relating to integers. _ It depends, in the first place, directly upon 
the theorem referred to on p. 304, that, if all the numbers of an 
ideal belong to another ideal, the first 1deal 1s divisible by the 
second. This depends, in turn, upon the theorem, that, if the 
products ab, ac of two ideals, b and c, by a third ideal a be equal, 
then 6==c, and this upon the theorem, that for every ideal there 
exists another ideal such that the product of the two is a principal 
ideal. 

This last theorem is the starting point of the proof of the 
unique factorization theorem and needs for its demonstration a 
theorem which we shall proceed to give. 


THEOREM 4. If the coefficients, a,, a,, B,, B. of the two ra- 
tional integral functions of x, 


o(*) =a,v +a, and ¥(7) =f," + B, 
be integers of k(\/m) and w, an integer of k(\/m), divide each of 
the coefficients, y1, Yo, y3, Of the product of the two functions, 
F(x) =$(4)-y(+) =a,B,4? + (4,82 + A281)4% + AB, 
= 10? + yo + 3, 


then each of the numbers a,B,, 0,82, A281, 1,8, 1s divisible by w.* 
Suppose a, and 8,-—-o0. Then y,=—o0.. We have 


a a fe} 
F(a) = a8, (2+ 25) (+35) =n (24 St) (e+ OE). 


Hence —a,8,/y, and —a,8./y, are the roots of 


ceo Yay + tsi, 
us 5 : 
1 Hurwitz: Nachr. der K. Ges. der Wiss. zu Gottingen, 1895; also Hil- 
bert: Bericht, Hiilfsatz 2. 
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Let € represent either a,8, or a,8,; we have 


-£)+2(-f) +t =o 


and, multiplying this equation by y,’, 


? — of ee Y1¥3 = O. 


Since y, and y,y, are divisible by w and w respectively, the 
coefficients of the equation | 


(£)'-2(8) 42a 


that €/w satisfies, are integers. Hence é/w is an integer (Chap. 
IX, Th. 9, Cor. 1) ; that is, a,8, and a,8, are divisible by wo. 


THEOREM 5. For every ideal a of a quadratic realm there 
exists an ideal 6 of the realm such that the product ab is a prin- 
cipal ideal.* 

Let a =:(a,, a.) where a), a, 15 a basis? of a We siallcsnaw 
that the conjugate of a, that is, the ideal 6,== (a,’, a,’), where 
a,’, a,’ are the conjugates of a,, a,, has the desired property.® 


Let o(+)=a,x+a, and y(1)=a,’*+a4,’. 
Form the product 
}(7)y(4) =ay,a,’r? + (a,a,’ +a,’a,)*% + a,a,’ 
= 10? + Y2¥ + Ys: 


Let 6 be a number defining the realm and let the irreducible 
rational equation of which @ is a root be 


av? +t ax +a,=0. I) 
Since y,, y2, ys are symmetric functions of the roots of 1), they 


* Hilbert: Bericht, Satz 8. 

~The simplification effected by the use of the basis representation of an 
ideal is that, in a quadratic realm, the basis consists of two numbers and 
hence Th. 4 need be proved only for functions of the first degree. 

*In the realm of the mth degree the ideal that. will have the desired 
property is the product of the conjugates of a. This ideal is, however, 
not the only ideal having the desired property (Chap. XIV, §1). 


308 THE IDEALS OF A QUADRATIC REALM. 


are rational integral functions of its coefficients I, a,,@,. Hence 
Yu Yo Y3 are rational numbers. But y;, yo, y3 are also integers, 
Silice 07, Oy, G5, a." ate integers” (@hap. 1s, Th 8 Cor. 2) 
Hence y,, yo, y3 are rational integers. 
Let a be the greatest common divisor of y,, y2, ys. Then 
ab = (a,a,’, 4,44’, @,'A, asds) 
is equal to the principal ideal (a); for by Chap. II, Th. B, we 
can find three rational integers, ¢,, f,, t,, such that 
a=ty, + toys + teys 
= tA,’ + t(A,a_’ + ;'A2) + tQa,’ 
Hence a is a number of ab and we have 
oi oe (fe re arene Bio Pius Sle Douro pc uma? 0B 
ut by in, 4 edel OF ine Wininers' aa. @-o.' 7,'d.,0.0,, 1S a 
multiple of a. Hence we can omit them from the symbol and 
have ab== (a). 
Therefore b is the required ideal. 


It will be observed that we have proved that the product of an ideal 
of a quadratic realm by its conjugate is a rational principal ideal. This 
will be of use later. 


THEOREM 6. If a, 6 and c be ideals and ac=be, then a=6b.? 
Let 


So (a0, aya. b= CB ivBe. ++, Bs); tae LV Vas “yyt), 
and let m, = (1, fe, ‘*', pn), be an ideal such that 


ie (Fi eee YtMn ) — (a), 
a principal ideal. 


Then cit <= Dent: 
or a(a) =b(a), 
or (ae 0. 3 a) (0.0 6.) 8.0). 


Since these two ideals are equal,.every number of the one must 


> Hilbert: Bericht, Satz 9. 
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be a linear combination of the numbers defining the other, with 
coefficients which are integers of the realm. 

Hence, if aia be any number of the first and Bja any number 
of the second, we have 


iA = €,8,4 + €B.a + ++ + EsBsa, 
and 85h = 91410 + Yooh + +++ + rr, 
where the é’s and y’s are integers of the realm. Hence 
Ai = 8, + €82 + --: + EBs, 
Bi M81 TF 22 ++ + Or. 


Hence every number of a is a number of b, and every number 
of b is a number of a, and consequently 


a=b. 
THEOREM 7. [f all numbers of an ideal ¢ belong to an ideal 
a, c 1s divisible by a. 
Let c= (yi-+, ye) and a= (Ay, +++, Ary yi y yt) § 
and let m, = (4, °°, un), be an ideal such that 
QM = (yyy, ++ *, Arpn, Yb» ***y YtHn) == (a), 


a principal ideal. 
Then all numbers of am, and hence y,,,°°*,y,/ny*"*y Vth ° 
ytvn, must be divisible by a. Hence all numbers of 


’ 


TC (Yaplys -*"s Valin 7 Vettn) 
are divisible by a; that is, 
me = (144, ---, mt@) = (A) (4, ---, vat) = (a) B. 2) 
Multiplying both members of 2) by a, we have 
amc = (a)ab, 


or C= 0. 


Hence c is divisible by a. 


* Hilbert: Bericht, Satz ro. 
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This theorem justifies our use of the notation 
a=0, mod a, 


to denote that (a) is a multiple of a. For, if a be a number of a, 
then from the above theorem it follows that (a) is divisible by a. 

From Th. 2 we saw that a necessary condition for an ideal a 
to be divisible by an ideal 6 is that all numbers of a shall belong 
to 6; from Th. 7 we see that this condition is also sufficient. 
Hence every common divisor, D, of two ideals 


6 =a a) b= (8, ---, Be) 


must contain all numbers of both a and ); that is, 


ee (a,, oie Bra Prana oF 8; +++, 84), 


where 6,,---,8: are any integers of the realm, and every ideal of 
this form is a common divisor of a and b. 

Among the common divisors of a and 6b is one, g, to which 
belong no numbers other than the numbers of a and 5, together 
with the linear combinations of these numbers; that is, 


res (a, Daye is Par 7 Bs). 


This ideal g is divisible by every common divisor, 5, of a and 
b, for D must contain all numbers of a and b, and hence all the 
numbers of g, and therefore is a divisor of g. 

As in the case of rational integers, g is called the greatest 
common divisor of a and b. 

That g is the only ideal having this property is evident; for did 
a second, h, exist, then g must be divisible by § and § by g, and 
hence g and fh be identical (Th. 2, Cor.). 

Likewise the necessary and sufficient condition that an ideal, 'm, 
shall be a common multiple of a and b is that all numbers of m 
shall be common to both a and b. 

Among the common multiples of a and b is one to which belong 
all numbers common to both a and 5b, together with the linear 
combinations of these numbers. ee 

This ideal, [, is evidently a divisor of every common multiple 
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of aand b. That [, moreover, is the only ideal having this prop- 
erty may be shown as in the case of g. 

As in the case of rational integers, [ is called the least common 
multiple of a and b. 

We shall denote the greatest common divisor of a and 6 by 
the symbol a+ 6, and the least common multiple of a and b by 
the symbol a—b. No idea of addition or subtraction is to be 
conveyed by these symbols. 

From Theorems 2 and 7 we have the important result that an 
ideal-a,—— (a.,d.,--7,d,), 48 the. oreatest Common divicor oF the 
numbers defining it considered as principal ideals; that is, a is 
the greatest common divisor of (a,), (a,),-+-, (Gr). 

The fact that we can at once write the greatest common divisor 
of any number of ideals by placing in a single symbol all the 
numbers defining the ideals is of use in numerical work with 
ideals. Thus, if we can show that the greatest common divisor 
of two ideals so written is (1), we know that the ideals are prime 
to each other. 

Ex. The greatest common divisor of (3-47 3)" ana (8 4-\/ 6) 
is (3 +V—5, 8+ —S5), and we have 
CN 5, 8 5) Ge Oe 

= (3+ V—5, 8+V—5), 5, 14 1) = (1) 

Hence (3-+./ —5) and (8+ \/ —5) are prime to each other. 


The ideas of the greatest common divisor and least common 
multiple of two ideals may be at once extended to any number of 
ideals. 

Thus, if a,,Q,, +--+, dm be any number of ideals of a realm, there 
is among the common divisors of a,,q,,---,Qm one, g, to which 
belong no numbers other than the. numbers of ,, a, --:, Gm, 
together with the linear combinations of these numbers; that is, 


if oi (a, Or). oa (By, fee Be), ee ig, cae (1, ++, pt), 


then te (a Gee ote 8 °°, Bs, “ty My rosy pet). 


That g is divisible by every common divisor of a,, Q.,---, Gm 
and is the only ideal having this property is seen as in the case of 
two ideals. Wecall g the greatest common divisor of a,, Q,, +++, Gm. 
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Likewise the ideal, [, to which belong all numbers common to 
Q,,Q5,°**,Qm, together with their linear combinations and no 
others, is evidently the only common multiple of a,, a,, ---, Gm that 
is a divisor of every common multiple of a,,Q,,---,am. It is 
therefore called the least common multiple of a,,a,,---, Gm- 

We write symbolically 


g=a,-+ a, +--+ + Om, 
and [—=a,— a, — +--+ — Om. 


We have as an immediate consequence of Th. 7 and the defini- 
tion of the least common multiple of two or more ideals the 
following: 

Cor. If an ideal a be divisible by each of the ideals b,, b., ---, 
by, then a is divisible by the least common multiple of b,, 0», «++, by. 

We shall see later that the greatest common divisor, as defined 
above for ideals, possesses the remaining two properties which 
distinguished the greatest common divisor of two or more integers 
in those realms in which the unique factorization law held in the 
ordinary sense (see p. 318). 

We have now a full justification of our introduction in 
k(W—5) of the ideals (2, 1+V—5), (3, 1+V—5), (2, 
I—\V—5) and (3, 1— V—S) as the greatest common divisors 
respectively of (2) and (1 +VW—5), (3) and (1 +V—s), (2) 
and (I1—\V/—5), and (3) and (1—V/— Ss). 

Th. 7 having been proved, the remaining theorems necessary 
for the proof of the unique factorization theorem and the proof 
of that theorem itself for ideals are strictly analogous to the cor- 
responding theorems in the realms in which the unique factoriza- 
tion law held in the ordinary sense. 


It may seem singular that the divisors of an ideal, a, are in a way 
larger systems of numbers than the ideal, a, itself; that is, they contain 
not only the numbers of a but in addition any other numbers of the 
realm that we choose to introduce. 

When, however, we remember that by Th. 7 an ideal divides every one 
of its numbers considered as a principal ideal, it is evident that, in 
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general, the more numbers we introduce into the symbol of an ideal, 
that are not linear combinations of those already there, so much the more 
do we narrow the ideal by thus placing more restrictions upon it. 

For example; the ideal (14, 3+ ./ —14) is the greatest common di- 
visor of (14) and (3++/ —14), and the ideal (14, 3+./ —14, 2), 
that contains all numbers of (14, 3-+./—14) and other numbers be- 
sides, divides not only (14) and (3+ ./ —14), and hence is a divisor 


It is analogous to the case of rational integers when we observe that 120 
is divisible by every common divisor of 120 and 18, and that every common 
divisor of 120 and 18 is divisible by the common divisors of 120, 18 and 4. 


EXAMPLES. 


14). 

2. Find the greatest common divisor of (26, 10-+ 2\/— 14, 
13V—14, —14-+-5V—14) and (10, 2+2V—14, 5V—14, 
—14+V—14). os 

3. Show that the two ideals (5, —4+VW—14) and (13, 
5— 12\/— 14) are prime to each other. 

4. Making use of form of canonical basis, show that (23, 
8+ V—5) isa prime ideal. 

5. Show that (~, b+) is a prime ideal, p being a rational 
prime, 0 any rational integer, and 1, w a basis of the realm. 

6. If p and q be two different rational primes, show that in no 
realm can (~p) and (q) have a common ideal factor different 
from (1). 

7. Show that (1 -+\V—5) is the least common multiple of 
(3,0 V5) and (2,1 1/7 4). ee 

8. Find the least common multiple of (6, 4+y—14) and 
(10, 6-+'/—14). 

9g. Show that, if a be divisible by a, and b by b,, then ab is 
divisible by a,b,. 

10. Show that, if ab be divisible by ac, then b is divisible by c 
_and in particular that, if a be divisible by ab, then b= (1). 

11. Show that, if a, 6 and c be any ideals, then 


[a + b]c—=ac + be. 
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12. Show that 


[a+b-+c] [be+ca+ ab] = [b+ c][¢+a][a+ 5]. 
13. Show that, if a be divisible by a,, and b by b6,, then a+ 5 
is divisible by a, + 6,, and also that a—b is divisible by a, — },. 
14. Show that, if a and b be any two ideals, then a+ b is the 
system of all numbers of the form a+ £, where a is a number of 
a and 8 a number of b. 
15. Show that, if a, b and c be any three ideals, 


a— [b—c] = [a—}] —c. 
16. Show that 
fa + b] [a— b] —ab. 


17. Show that, if a and b be prime to each other, then 
a—b—ab. 


THEOREM 8. /f a and b be any two ideals prime to each other, 
there exist a number a of aand a number B of 6 such that 


a+ p=1.' 
Let A= (4,,4,, °**, Ar) and b= (B,, Bs, °°", Bs). 


Since a and b are prime to each other their greatest common 
divisor is (1); that is, 


a+b= (4, Qe, -+*, Ar, Bi, Bo, =e) — oF 
_ But, since 1 is a number of a-+-}, it must be a linear combination 


of Oi Qa, de a a 4 es 
Hiat 1s, 


E10, + bee + -+- + bre + 9181 + 92Be +--+ + 08s =1, 
where the é’s and 7’s are integers of the realm. 
But éa,+ éa,+---+&a,-—=a, is a number of a, 
and mB: + noBo t+ -:: +7sBs=B, is a number of 5, 


and we have 
a+ Bp=I. 


1 This is the analogue of Th. B. See Hilbert: Bericht, Satz 11. 
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Cor. If 01, 0,,---,Qm be ideals whose greatest common divisor 
1s (1), then there exist in Q,,Q.,°+-;Qm numbers 4, Q,,°-+, Om, 
respectively, such that 


a,ta,+---+an—I. 
THEOREM 9. If the product of two ideals, a and b, be divis- 
ible by a prime ideal p, at least one of the ideals is divisible by p.2 
Assume that a is not divisible by p. Then a and p are prime 
to each other and there exists by Th. 8 a number, a, of a and a 
number, z, of » such that 


atn=—li. 


Let now B be any number of b, and multiply the last equation 

by 8; then 
as + =B—=B. 

But aB is a number of ab, and hence by Th. 2 of p, since ab is 
divisible by p. Moreover, zB is a number of p. Hence B is a 
number of p; that is, all numbers of 6 are numbers of ), and b 
is therefore by Th. 7 divisible by p. 

Cor. 1. If the product of any number of ideals be divisible 
by a prime ideal, p, at least one of the ideals is divisible by p. 

Cor. 2. If neither of two ideals be divisible by a prime ideal, 
p, their product is not divisible by p. 

Cor. 3. If the product of two ideals, a and b, be divisible by 
an ideal, j, and neither a nor 6 be divisible by j, then j is a com- 
posite ideal. 

If all the ideals of a realm be principal ideals, the unique fac- 
torization theorem in the usual form holds for the integers of the 
realm; for, if a and @ be any two integers prime to each other 
in the usual sense, then the ideals (a) and (8) are prime to 
each other, for all factors of (a) and (8) are principal ideals. 
Hence the ideal (a, 8) must be the unit ideal (1); for (a, B) 
divides both (a) and (8) and they have no common divisor 
other than (1). 

Since (a; By (1s 


"This is the analogue of Th. C. See Hilbert: Bericht, Satz rr. 
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there must exist two integers, € and 7, of the realm such that 


ag + By=I. 


Th. B would therefore hold for the integers of the realm, and 
we have seen that Th. C, and hence the unique factorization 
theorem, follow immediately. The converse of this, that, when- 
ever the unique factorization theorem in its usual form holds 
for the integers of a realm, the ideals of the realm are all prin- 


cipal ideals, is true, but a further development of the theory of 
ideals is necessary for its proof. If, however, Th. B. hold, then 
not only does the unique factorization theorem hold, but, if a,—= 
1G, a..---.d,-)..esany ideal ofthe realm and: be-the g. c. d. of 
G,,Qs,°:+,@r , there exist integers ¢,,€,---,€&, as in k(i) such 
that 


O18. + Ooh. + --> + Arér =. 


Hence we have 
ry (a,, As, **', Ar ) == (Ay, Ae, *°'; ar, 8) rae (8), 
a principal ideal. 


THEOREM 10. Every ideal can be represented in one and only 
one way as the product of prime ideals." 

Let j be any ideal. If j be a prime ideal the theorem is evident. 
If j be not a prime ideal, it has some divisor, a, different from { 
and from (1). Then : 

0 


If a be not a prime ideal we have 
f-——0, 0s, 
where a, and a, are both different from a and (1). Then 
10. 


If any of the ideals a,, a,, 6 be not prime, we factor them, and, 
proceeding in this manner, we reach finally a point where the 
factorization can be carried no further, for an ideal, j, is divisible 
by only a finite number of ideals (Th. 3). 

The ideal j has now been resolved into its prime ideal factors. 


* Hilbert: Bericht, Satz 7. 


THE IDEALS OF A QUADRATIC REALM. 317 


Let j =piPe-° Pr, 


where ),,P.,--:,Pr are prime ideals, be the representation so 
obtained. We shall show that this representation is unique. 
Suppose that j could be represented in another way as a product 
of prime ideals, say 


j= 192°": Qe. 
Then Dips --* Pride -°* e- 3) 


Since p, is a divisor of the product q,q.°°* qs, it is a divisor 
of one of its factors (Th. 9, Cor. 1), say q,, from which follows 


p= q1- 
Then it follows from 3) that 
p, see ~Pr—= qe wieie qs. 


Proceeding in this manner, we see that for each factor in the 
product p,p,--: p, there is an equal one in the product q,q, °°: qs, 
and, reversing the process, that for each factor in the product 
G:42°°' Qs, there is an equal one in the product p,p.---p,, and 
that, if a factor be repeated in one product, it is repeated exactly 
as often in the other. 

The two representations are therefore identical, and the 
theorem is proved. 

Cor. If the product of two ideals, a, 6, be divisible by an 
ideal, m, and a be prime to m, then 6 1s divisible by m. 

If we denote by p,,),,°::,p, the different, prime ideals that 
ate .tactors of j,/and by ¢,,¢2>--,¢ the number. om time. dias 
they are repeated respectively, we have 


i fae p,p.% arene br°*. 

It is convenient sometimes to allow one or more of the expo- 
nents to take the value 0, e; =o indicating that j does not contain 
p; as a factor. It is evident that an ideal j is then and only then 
divisible by an ideal D if every prime ideal which divides b occurs 
to at least as high a power as a factor in j as it does in D. 

Every divisor of j has therefore the form 


D= p, p,m... p,m, 4) 
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where tea Te an Oey eed 1 @ 


and every ideal of the form 4) is a divisor of j. If we let m; 
run through the e; + 1 values, 0,1, -°:-,¢:, and do this for each of 
the exponents m,, m., °**, mr, we obtain 


(et 4) tet) Ce, 8) 
different sets of values for these exponents, and each of these 
sets gives a different divisor of j. The number of divisors of j 


is therefore (e,+1)(e,+1)°*: (€é-+1). 
If j= p,™p,™ --- p,-™, 
and Ee oa) 1 a, ae Uae 


where },, )., ---, pr are different prime ideals, be any two ideals, 
the ideal 


q —— p,"p,92 ater p,9', 


where gi is the lesser of the two exponents m; and n;(i=T1I, 2, 
--+,7), is the greatest common divisor of j and . 
' The ideal 


[= p,"p,’2--- pyr, 


where J; is the greater of the two exponents m,; and ni(1=1, 2, 
---,7) is the least common multiple of j and §. 

We see from this representation of the greatest common divisor, 
g, of j and § that, of all common divisors of j and }, g has the 
greatest norm, and that the quotients, j/g and h/g, are prime to 
each other (see p. 18). 


THEOREM II Jf a and m be any two ideals, there exists a 
number, a, of a such that the quotient (a)/a is prime to m. 

For example, if a,== (2, I +V—5), and m,= (3, 1 +-V—53), 
be the given ideals, then a=2 satisfies the requirements of the 
theorem, for 


(2, 1 — Cs |. 
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that is easily seen to be prime to (3, 1-+VW—S). 

' If a,—=(2, 1+V—S), and m,=(1+V—S), be the given 
ideals, then a,—=2+1+V—5,=3+V—5, Satisfies the re- 
quirements of the theorem for 


(3+V—5) 
(2,1+V—5) 
that is prime to (I +V—5). 

For the actual determination of a in general see Chap. XII, § 7. 

We proceed now to prove the theorem. 

The truth of this theorem for the case where m is any prime 
ideal p is at once evident. For, if there did not exist a number, 
a of a such that (a)/a is not divisible by p, then all numbers of © 
a would belong to ap and by Th. 7 a would be tlivisible by ap, 
which is impossible. To prove the theorem for the general case, 
let the different prime factors of m be ),,).,---,)m, and form 
the products 


=(7,3+V—5), 


CQ, = AP, +++ Pm, A, APiPs--- Pm, +--+, Am==APy +--+ Pm, 
which consist of a multiplied in turn by the combinations of 
D,, Po, °°:, Pm taken m—I at atime. Let a,,a,,--+,Qm be num- 
bers of a,, Go, ---, Gm respectively, such that (a,)/a,, (@_)/M, 
-++, (Gm) /Gm are prime respectively to ),, P., --:, Pm, the existence 
of such numbers having been proved above since ),, Ps, -::, Pm 
are prime ideals. Then 


aA=a,+a,+---+ An, 
is the required number; for a is divisible by a, since @,, do, -++, Am 
are all divisible by a, a; being divisible by a, whence all numbers 
of a; belong to a; moreover, a is not divisible by any of the m 
products 
AP, Ao, ++, Dm; 


as, for example, ap,, since @., 43, ---,@m are all divisible by ap,, 
but a, is not divisible by ap,. 
It is evident, therefore, that the quotient (a)/a is divisible by 
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none of the prime factors p,, p.,---, Pm of m, and hence is prime 
to m. 


Hence a is the required number. 


THEOREM 12. In every ideal, a, there exist two numbers, a 
a, such that 


2 (aa, a.) ; 


that 1s, such that a is the greatest common divisor of (a,) and 
(a,). 

Let a, be any number of a. 

By Th. 11 there exists in a a number, a,, such that the quotient 
(a,)/a is prime to (a,) ; or, in other words, such that the greatest 
common divisor of (a,) and (a,) is a. ; 

But, since a is the greatest common divisor of (a,) and (a,), 
it contains all and only numbers of the form 


By, + Bots, 


where £,, 8, are any integers of the realm. Hence 
a= (a, ay). 


The truth of this theorem is at once evident for quadratic realms for 
we have shown (Th. 1) the existence in every ideal, a, of a quadratic 
realm of two numbers 4, & such that a= (4, &). The proof in the above 
form has been given, however, as it applies to the general realm of the 
nth degree; see Hilbert: Bericht, Satz 12. 

The following theorem is given not only for its own interest 
but because from it we obtain a new proof of Th. 11 that is not 
dependent upon the unique factorization theorem. Dedekind 
makes the unique factorization theorem depend upon Th. 13 
(see Dirichlet-Dedekind, § 178, IX). 


THEOREM 13. If the ideal a be divisible by none of the ideals 
C1, Co, °*+, Cn, then there is a number, a, of a that is contained in 
none of the ideals ¢,, Cs, +++, Cn- 

If a should be a principal ideal, the theorem is evident. Also, 
if there should be only a single ideal, c, the theorem holds, for, if 
all numbers of a were divisible by c, a would be divisibie by c, 


& 
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which is contrary to the original hypothesis. We shall now prove 
that, if the theorem hold for n <r it holds for n= 7, and hence, 
since it is true for n=1, it holds in general. To each of the 
ideals ¢,, C., «++, Cr, aS Cs, there corresponds an ideal 6, such that 


ab, =a — Cs, 


where b, is evidently different from (1). 
The ideal a is divisible by none of the r products 


GU. aD, abr, 5) 


since all of the 6’s are different from (1). 

But each one of the c’s divides one of these products. Hence, 
if we can prove the existence of a number of a, which belongs to 
none of the products 5), this number will be the desired number a, 
for if a were divisible by cs, it, being divisible by a, would be 
divisible by the least common multiple of a and ¢,; that is, abs. 
We have now two cases to consider according as the ideals b,, b,, 
-.-, by are, or are not, prime each to each. If they be not prime 
each to each, some pair of them, say b,, b,, must have a greatest 
common divisor, 6, + b,, that is different from (1). 

Then a is not divisible by a(b, + 6,), and hence, according to 
our assumption that the theorem holds for <r, there exists in 
a a number, a, that is divisible by none of the r—1 ideals 


a(b, + b,), aby; ---, abr, 


and hence also is not divisible by ab, and ab,, since they are divis- 
ible by a(b, + 6,). Therefore a is not divisible by any of the 
c’s. We must consider now the case where the r ideals, b,, 6,, --- 
by are prime each to.each. 

Each of these ideals, as bs, is prime to the product, ;, of all 
the remaining ones, and, since they are all different from (1), 
hs is not divisible by bs. Hence ahs is not divisible by abs, and 
there is therefore a number ag, in ahs that is not divisible by abs. 

The number a,—=a,+a,+---+a,, where a,, a,, ---, G are 
numbers of ah,, ah,, ---, ah, respectively, is a number of a, for each 


’ 


21 
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of the numbers a,,a,, ---,a@, is a number of an ideal divisible by 
a, and is therefore a number of a. 

Moreover, a is divisible by none of the r products ab,, ab,, ---, 
ab,; for, since the ideals },, h,, ---,§, are all divisible by b,, all the 
ideals ah,, ---,ah, are divisible by ab,, and hence a,, a3, ---,a, are 
numbers of aby. 

But a, is not a number of ab,, and hence @ is not a number 
of ab,. 

In like manner it may be proved that a is divisible by none of 
the ideals ab,, abs, ---, abr. 

Hence a is the number sought. 


Second Proof of Theorem 114 


If m= (1), every number of a satisfies the requirement of 
A cease 2 

tm (1). et 1.0) -:-.G, be all the ideals different froma 
that divide am and are divisible by a. 

By Th. 3 these ideals are finite in number and hence there is 
in a a number, a, that is divisible by none of them (Th. 13). 

Hence the greatest common divisor, am + (a), of am and (a) 
is different from all the c’s. But am-+ (a) divides am and is 
divisible by a, and the only ideal different from the c’s, that has 
this property, is a. | 

Hence am + (a) =a, 0) 


or, what is the same thing, (a)/a is prime to m. 
From 6) it follows at once that 


am — (a)==m(a). 
* Dirichlet-Dedekind: § 178, X. 


CHAPTER: XII. 


CONGRUENCES WHOSE MODULI ARE IDEALS.! 


§1. Definition. Elementary Theorems. 

If the difference of two integers, a and B, be a number of the 
ideal a, we have said that a was congruent to B with respect to 
the modulus a, and have denoted this fact by writing 


a== BB, mod a. 1) 
In particular, if a be a number of a, we write 
a==0, mod a. 


The appropriateness of these symbolic expressions is made 
evident by Chap. XI, Th. 7; for from it we see that the necessary 
and sufficient condition for a—£ to be a number of a is that it 
shall be divisible by a. These expressions are capable of many 
of the transformations to which ordinary congruences between 
rational integers can be subjected. The congruence 1) leads to 


a— B=0, mod a, 2) 


and conversely 2) leads to 1). 

The following deductions will be seen to correspond number 
for number to those given in the case of rational integers (Chap. 
HiT: § 1)... Their proofs are so simple that they will be lett fo 
the reader. For them we fall back.upon our original definition of 


a=B, mod a, 


as meaning that a—£ is a member of a, or, what is the same 
thing, that the principal ideal (a — B) is divisible by a. Observe 
the similarity between this and the method employed in the case 
of rational integers, where we made use of our original defi- 
nition of 
a==b, mod m, 
* Hilbert: Bericht, Cap. III. 
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as meaning that a—b is divisible by 212. 


Fe bg a==B, mod a, 
and B=y, mod a, 
then Q==y, mod a; 


for, if a— and 8B —y be numbers of a,a—B+ B—y,=a—y, 
is a number of a. 

The infinite system of integers of the realm which are con- 
gruent to a given integer, and hence each to each, mod a, are said 
to form a number class, mod a. 


trey gg a= 8, NO a: 
and y =56, mod a, 
then Q@-y— Pf + 4, mod a. 

ni. if a=B, mod a, 
then pa ==, mod a. 

iv. If a== 8, mod a, 
and y == 6, mod 4, 
then ay = 68, mod a; 


and, in particular, if 
a= £8, mod a, 


then a® = B*, mod a. 
vo 17 f(*) =ayr" + axe ie n, 


be a polynomial in x, whose coefficients are any integers of the 
realm, and if 


B= y, mod a, 
then f(8) =f(y), mod a. 
vi Tf pa =p, mod a, 3) 
then @= 8; mod a/v. 


where » is the greatest common divisor of (») and a. 
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For let («) == dm and a=bDb, where m and 5 are prime to each 
other ; then, since »[a— ®]| is a number of a, Dm(a— B) is divis- 
ible by Db. 

Hence m(a— 8) is divisible by 6, and therefore, since m is 
prime to b, (a—f) is divisible by 6 (Chap. XI, Th. 10, Cor.). 
We have, therefore, since b==a/D. 

a == B, mod a/D. 
In particular, if » be prime to a, then 
a=B, mod a. 
Hence in this case the congruence I) may be divided by uz. 
This indeed is an immediate consequence of the fact that the 


greatest common divisor of (#) and a is (1); for then there 1 
a number pé of (un) and a number y of a such that 


pe y=; 
that is, there exists an integer é such that 
pé==1, mod a. 4) 
Multiplying the congruence 3) by é, we obtain 
a== 6, mod a. 


Conversely, if there exists a number €, which satisfies the con- 
gruence 4), the greatest common divisor of (m) and a is (1); 
that is, (mw) is prime to a. 


Vit: 17 a==B, mod a 
and » be a divisor of a, then 
a==B, mod b. 
vill. Jf a==B with respect to each of the moduli ay, as, ---, An, 
then a= B, mod I, 


where {is the least common multiple of a,, Qo, +++, Qn. 
rb si gg a==B, mod a, 


then (a) and (B) have the same greatest common divisor with a; 
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that is, all numbers of the same number class, mod a, have the 
same greatest common divisor with a. 

Let D be the greatest common divisor of (a) and a. Then, 
since D is a divisor of a, we have by vii 


a==£, mod D. 
But a= 6, mod. p, 
and hence B=0, mod Db. 


In particular, if any number of a class, mod a, be prime to a, 
then all numbers of this class are prime to a. | 


§ 2. The Norm of an Ideal. Classification of the Numbers 
of an Ideal with respect to Another Ideal. 

If we separate the integers of a realm into classes with respect 
to an ideal, a, of the realm, putting two integers into the same or 
different classes according as they are congruent or incongruent 
to each other with respect to a, then the number of these classes is 
called the norm of a, and is denoted by m[a]. 

This definition of the norm of an ideal is seen to be in accord- 
ance with the principal property possessed by the absolute value 
of the norm of an integer. We shall show later that the original 
definition of the norm of an integer as the product of an integer 
by its conjugate has also its analogue in the case of ideals. 

A system of numbers formed by selecting one from each of the 
classes formed as above with respect to an ideal, a, is called a 
contplete system of mcongruent numbers, mod a, or a complete 
residue system, mod a. There are evidently in such a system 
exactly [a] numbers. 

Instead of separating all the integers of a realm into classes 
with regard to their congruence with respect to an ideal, we may 
consider simply the numbers of a single ideal, a, and put two of 
these numbers, a,, a, into the same or different classes with 
respect to an ideal, b, according as we have 


a, =a,, mod b, or a,==a,, mod b. 


We shall denote by the symbol {a, 6} the number of such 
classes into which the numbers of a fall with respect to b.? 


*See Dirichlet-Dedekind: § 171. 
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Evidently {a, 6} is not greater than n[b], since a does not com- 
prise all integers of the realm k unless a==(1), in which case 
{Gry eo) == 1b: 

It will be interesting to make use of this classification of the 
numbers of one ideal with respect to another ideal to prove an 
important theorem (see p. 336) and we proceed now to prove the 
following relations: 


1; {a, b} = {a, a— Bb}. 

li. {a, b} = {a-+b, b}. 

ili. {a(m), b(m)} = {a, b}. 

iv. {a.-€} === (0,0) 40st 
where a is a divisor of b, and 6 a divisor of c. 

i. To prove {a, b} = {a, a—}}. 


We observe that a—b, the least common multiple of a and b, 
is composed of all numbers common to both a and b. 
Hence, if a,, a, be two numbers of a such that 


ad, =d,, mod b, 


that is, such that a, — a, is a number of b, then, since a, —a, is 
also a number of a, it must be a number of a— b, and therefore 


a, =a,, mod a—b. 
Conversely, if | 
a, =a,, mod a—bB, 


then a,—a, is a number of b; that is, 
a, =a,, mod Bb. 


Hence any two numbers of a, that are congruent to each other 
with respect to b, are congruent to each other with respect to 
a—b and vice versa. Therefore we have 


{a, b} = {a, a—}b}. 
ii. To prove {a, b} = {a+}, b}. 


Let Ay, Ao, ars Am re {a, b}) 1) 
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be a complete system of incongruent numbers of a with respect to 
b. Then every number of a+} is congruent to one of these 
numbers with respect to 6, for all numbers of a+ 5 can be 
written in the form a-+ B, where a is a number of a and B a 
number of b. And from 


a=dai, mod 5, 
where a; is one of the numbers 1), we have 
a + B=dai, mod b, 
since 8B =o, mod B. 


Moreover, since a+b contains all the numbers of a, some 
numbers of a+} will be congruent to each one of the integers 
of the system 1), mod b. Hence 


{a, b}= {a+}, b}. 


ili. To prove 
{a(m), b(y)} = {a, b}. 
Let G45, 2 Gy (100) 
be a complete system of incongruent numbers of a with respect to 
b, then Ayn, Ayn, +++, Amn 


form a complete system of incongruent numbers of a(7) with 
respect to the mod b(); for they are all incongruent, mod b(y), 
to each other, since, if 


Agn = Ann, mod b (n) ; 
then Ag =n, mod B, 


which is impossible. Furthermore, every number of a(7) is con- 
gruent to one of these integers, mod b(7), for, if ay be any num- 
ber of a(), and 
a= dai, mod B, 
then (a —a;)7 is a number of b(7), and hence 
An = ain, mod b(n). 


Hence {a(y), b(n) }={a, B}. 
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iv. To prove that, if a be a divisor of 6 and b a divisor of ¢, then 
{a, c}=={a, b} {b, c}. 
Let 10s, ode (b= = 40; DY) 2) 


be a complete system of incongruent numbers of a with respect 
to the modulus 5, and let 


Bi, Bos +++ Bn (n= {b, c}) 3) 


be a complete system of incongruent numbers of b, mod c. We 
shall show that the mn. numbers 


1,2. 


Ar + Be} 4) 


Y Ap romeee 
See 


which are all evidently numbers of a, form a complete system of 
incongruent numbers of a, mod c. 
The numbers 4) are incongruent each to each, mod ¢; for, if 


Aa + Bo =A-+ Ba mod c, 5) 


then, since 6 is a divisor of ¢, 


Aa + Br. =a, + Ba, mod 4, 
and hence, since By and Ba are numbers of Bb, 
Ag ==a,, mod 5, 


which is impossible unless ag==Ge. But, if Ga==a-, then from 
5) we have 

Bo = Ba, mod Cs 
which is impossible. Hence the numbers 4) are incongruent 
each to each, mod c. 


Moreover, every number, a, of a is congruent to some one of 
the numbers 4), mod ¢; for suppose 


a=a;, mod B, 


where a; is one of the numbers 2), then a — a; is a number of B, 
and we have 


aA—dai= Bn, mod c, 
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where f; is one of the numbers 3), and hence 
a==ai+ Bn, mod c, 


where a; + B, is one of the numbers 4). 
The numbers of a complete system of incongruent numbers of 
a, mod ¢, are therefore exactly mn in number, and hence 


{osc} == 10, 0} fb, ch. 


THEOREM I. If 1,,==@,0, + G,0,, %, = b,0, + b,0,, be a basis 
of the ideal a, the absolute value of the determinant of the coeffi- 
cients a,,a,, b,,b, 1s equal to the norm of a; that 1s, 


a a 
nfa] a 1 2 : 
b, 6, 
Let a= (daw,, bw, + co,), 


where dw,, bw, + cw, is a canonical basis, a and c being taken 
positive. Since 


a a, a2: o ; 
= =—@e (Chap. XI, § 2), 
fe ee oe 
it is sufficient to show that 
n [a] ac. 
In the expression 
Uw, + UW», 6) 
let wu run through the values o, I, ---, a—1, and wv through the 
values 0, I, ---, c—1. We shall show that the ac numbers so 


formed constitute a complete system of incongruent numbers with 
respect to a. They are incongruent each to each with respect 
to a; for, if u,0, + Vv 0, and u,0, + V,0, be any two of them, and 


U,0, + V1, = U0, + V,0,, mod a, 
then (4, — uU,)w, + (UV, — VU.) wo, =0, mod a, 


and hence, since c is the greatest common divisor of the coeff- 
cient of w, in all numbers of a, 


* Hilbert: Bericht, Satz 10. 
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VU, — UV. =0, mod c. 
But v, and v, are both less than c, hence 
Ue 
It follows that 
(u, — u,)o, =0, mod a, 


and hence, since a is the greatest common divisor of the coeff- 
cients of w, in all numbers of a in which the coefficient of w, is 0, 


u, —U,==0, mod a. 
But u, and u, are both less than a, hence 
ea 
Thus U4, -. U1 W. = Un, te UsgWoy 


and the numbers 6) are incongruent each to each with respect to 
a. Moreover, every integer of the realm is congruent to one of 
the numbers 6) with respect to a. For, let 


w = tw, + tow, 
be any integer of the realm, and let 
i —= mc +r, 
where m and 7, are rational integers and r, satisfies the conditions 
Os eee 
Also let t, —_mb=na-+r,, 


where u and 7, are rational integers and r, satisfies the conditions 


O=n75 <a. 
Then 
thw, + tw, = (mb + na+7,)o, + (me+r,)o, 
= nao, + m(bw, + co.) + 7,0, + 720.5, 
and hence tw, + tw, =7,0, +7,0,, mod a. 


But r,o, + 7,0, is one of the numbers 6). 
Hence every integer of the realm is congruent to one of these 
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numbers with respect to a, and therefore, since they are ac in 
number 
n[a]=ac. 4 


| 
Hence nfa] = | 
| 


a, a, 
b, 6b, 

From this theorem we see that the norm of an ideal is always 
finite. 


Ex. Since 7, 3-+./—5 is a basis of the ideal (7, 3+ V —5), 


lg 


ae 7 1 
2(7,3+ y=9=|? | 


In the case of non-principal ideals, we shall omit [ ] and write merely 
n before the symbol to denote the norm, as in the example just given. 


Cor. 1. Since, if a,o, + d,w,, b,w, + bow, be a basis of a, then 
A,w,’ + a,0,', b,0,’ + b,0,’ is a basis of a’ (Chap. XI, § 3), we have 


a 


= Qi 
b by gt 


Cor. 2. If (a) be a principal ideal, where a is a rational in- 
teger, then 


n[a’|] = 


n[(a)] =a’; 


for dw,, dw, is a basis of (a), and hence 


n[(2)] = 


We can prove by this method that the norm of any principal 
ideal (a) is equal to the absolute value of the norm of the 
integer a which defines (a) ; that is 


n[{(a)]=|n[al]|. 
But a simpler proof can be found, based upon a theorem to be 
given later. 
Cor. 3. If a,= (4,0, + d,0,, b,0, + b,0,), be any ideal and 


O 
—— (oe 


a 
O a 


a a 


a0 


then d,o, + a,0,, b,o, + bw, 18 a basis of a. 


1 2 


== fal, 


1 2 
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THEOREM 2. If abc, where b and c are any ideals, there are 
exactly n[c] numbers of a complete system of incongruent num- 
bers, mod a, which are divisible by b. 

Let Y19 Yor Tt] 7) 
be a complete system of incongruent numbers, mod ¢, and let B 
be a number of 6 such that (8)/6 is prime to ¢ (Chap. XI, Th. 
11). The numbers 

Byis Byos +++» Byntey 8) 


are incongruent each to’each, mod aq; for, if 
Byn=Bys, mod a; 


then yn==yi,mod c (§1, vi), 
which is impossible. 

Moreover, every integer, 8,, divisible by b is congruent, mod 
a, to some integer of the form pf, for since b is the greatest 
common divisor of a,==(a,,a,), and (8), we have 


b= (Gs... 8), 


whence, since B, is a number of 5, it follows that 


8, = rae Hi ame ae BB, 


where é,, €&, and p are integers of the realm, and hence 


B,=vpB, mod a. 


But every integer of the form pf is congruent, mod a, to some 
one of the numbers 8); for » is congruent to some one, say, yi; 
of the numbers 7), mod c, and from 


p=yYy, mod op 
it follows easily that 
Bu = Byi, mod a. 
Since, also, every integer congruent to one of the numbers 8), 
mod 4a, is divisible by 6 ($1, 1%), and the numbers 8) are n[c] in 
number, there are in every complete system of incongruent num- 


bers, mod a, exactly n[c],==[a]/n[b], numbers that are divis- 
ible by b. 
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THEOREM 3. The norm of the product of two ideals, a, b, is 
equal to the product of their norms.) 

Let a be a number of a such that the quotient (a)/a is prime 
to.) (Chap: 41, th, ry. 

Let Ay, Ag, °°*, Antal 9) 
and Bi, Bo, at Bniey 10) 


be complete systems of incongruent numbers with respect to a 
and b, respectively. Then the n[a]n[b] numbers of the form 


f=—=a,, Ae, veg hE 5) 
7=B,, Bo, - *» Bates] 


where € and » run through the values g) and 10), respectively, 
form a complete system of incongruent numbers with respect to 


ant | i) 


ab, and hence are 2[ab] in number. 

To show this it is necessary and sufficient to’ show first that 
no two of the integers 11) are congruent to each other with 
respect to the modulus ab, and second that every integer of the 
realm is congruent to one of them with respect to ab. 

Let a8; + a, and a8; +a» be any two of the integers 11). 


If api + 41== a8; + 4m, mod ab, 12) 
then a(Bi—B;) +4:1—aAn=0, mod a, 


and hence, since 
a(Bi— B;) =0, mod a, 


we have A, — An =0, mod a, 
whence Ai = Am. 
Then from 12) it would follow that 
a( Bi aay =o, mod ab, 
and hence, since (a) + ab is a, 
Bi — Bj =0, mod B, 


which is impossible unless 


* Hilbert: Bericht, Satz 18. 
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Therefore 12) is impossible and the integers 11) are incon- 
gruent each to each, mod ab. Moreover, if w be any integer of 
the realm, we have 

de =o, mod a, 13) 


where ds is one of the integers 9). 

Now from 13) it follows that w—dsz is divisible by a. But 
every integer of a complete residue system, mod ab, that is divis- 
ible by a is congruent to one of the integers 


ap,,aBo, -**,0Bnps}, 14) 
mod ab (Th. 2); that is, the integers 14) are representatives of 
all. and only those incongruent number classes, mod ab, whose 
numbers are divisible by a. 

Hence we have 
w — As =a, mod ab, 


whence w =aB,+ds, mod ab, 
where a8, + ds is one of the numbers I1). 


The numbers 11)’ form therefore a complete system of incon- 
gruent numbers, mod ab, and hence 


n[ab] =n[a]n[b]. 


A complete system of incongruent numbers, mod ab, fall into 
n[a] classes each containing n[b] numbers, such that the numbers 
of each class are congruent each to each, mod a, but the numbers 
of any class are incongruent to all those of any other class, mod a. 
We may arrange these classes as follows: 


ap, ae. Ay, ap, Aes Ay, st", ABntvy aa as, 
OB; = 42,08, 4-¢..-5 43 ABnty,) + Ae, 


QBa at Antals ap. am Antayy ***s ABneey =i Ant als 
where 4, Q,, 43, --+,Antaj, Bi, Bo «++» Bute) are as defined above. 


It will be seen that the numbers of each row are all and only 
those of the complete system of incongruent numbers, mod ab, 
that are congruent to each other, mod a. 
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There are, therefore, exactly n[6] numbers of a complete 
residue system, mod ab, that are congruent to any given number, 
moda. In particular there are, as we have already seen, exactly 
n[6] numbers of a complete residue system, mod ab, which are 
divisible by a. 

It will be interesting to obtain by means of the development of § 2 


another proof of the above important theorem. 
We begin by proving that 


{a, ab} == [5]. 
Let a be a number of a such that ab + (a) =a; then 
ab — (a) =.b(a), 


for the least common multiple of two ideals is equal to their product 
divided by their greatest common divisor. We have now 


{(a), ab} = {(a) + ab, ab} (22, ii) 


= {a, ab}, 

and also {(a), ab} ={(a), (a) —ab} (#2, i) 
= {(a), (a)b} 
1) h), B) (2.2, ii) 
= #0 |. 

Hence 10, 00; == #101. 


To prove the theorem, we observe that, since (1) is a divisor of a, and 
a is a divisor of ab, we have by §2, iv 


{(1), ab} = {(1), a}{a, ab} 
and hence n[ab] = n[a]n[b]. 

We have seen (Chap. XI, Th. 5) that the product of an ideal, 
a, by its conjugate, a’, is a rational principal ideal (a). We shall 
now show that 

n[a] = |al; 
or in other words, 

TueoreM 4. If a be an ideal of a quadratic realm and a’ tts 
conjugate, then 

aq == (lal )- 

We have aa’==(a) (Chap. XI, Th. 5), where a is a rational 

integer which may be assumed to be positive. 


Tience n[a]n[a’] =[(a)] =a? (Th. 1. Cor. 2). 
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But nia 1 ==—n|G} (2h 1, Cor. 1), 
Hence n[a] =a, 
and d= (91a). 


This theorem for the general realm of the mth degree is that 
aa’a’”’ --- @(™-1) = (n[a]), where a’,a”,---,a(-1) are the conjugates of a. 
The proof in the case of the quadratic realm here given is much simplified 
by having seen (Chap. XI, Th. 5) that in a quadratic realm the multipli- 
cation of a by a’ gives a principal ideal. See Hilbert: Bericht, p. 191. 

This property of the norm of an ideal might be taken as its 
definition. It would then be exactly in line with that of the 
norm of an integer. From Th. 4 it is evident that n[a] is divis- 


ible by a, as in the case of integers. 


THEOREM 5. The norm of a principal ideal, (a), 1s equal to 
the absolute value of the norm of the integer a defining the ideal; 
that is, 


n[(a)]=|n[a]|2 


Let (a) be any principal ideal and (a’) its conjugate. 


Then (a) (a’) = (n[(a)]) (Th. 4), 
and also (a) (ae) = (aa). 
But aa #14 | c, 


a rational integer, since the norm of an algebraic integer is a 
rational integer, and 


n[(a)] =8, 
a positive rational integer. 
Hence (a te, 
Since a is therefore divisible by b, and b by a, we have 
|a| =, 
and hence 
n{(a)] = |n[a]]. 


* Hilbert: Bericht, Satz 20. 
22 
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THEOREM 6. The norm of a prime ideal, p, is a power of the 
rational prime which ) divides. 

Let 1, w be a basis of the realm and p= (a,b-+ cw), where 
a,b -+-cw is a canonical basis of p. It is evident that a is a prime, 
for, if a=a,a,, then since p divides a, it must divide either a, 
Or dy, Say a,, then a, would be a number of p, which would be 
contrary to the hypothesis that a, b + cw is a canonical basis of p, 
and hence that a is the smallest rational number of p. Hence a 
iS a prime, p. 

We have then 


(p) =pa, 
whence n[(p)] =n[p]n[a], 
and p?=n([p][a], (ihe, Core 2). 


Hence, since n[p] and u[a] are positive rational integers, we 

have either | 
n[p] =p, 15) 

or 0 ed ae 16) 
we call p a prime ideal of the first or second degree according as 
15) or 16) occurs; that is, the norm of a prime ideal, p, is a 
power of the rational prime which ) divides, and the exponent of 
this power is called the degree of p. 

For example: 


Gs rae +V—5) came 


and hence ( 3, 1+V—5) is a prime ideal of the first degree; 
on the other hand, | 
n[(2)] =2?=4, 
and hence (2) is a prime ideal of the second degree, both 
Ge +.+/—5) and (2) having been shown to be prime ideals. 
Cor. 1. In a canonical basis, p, b-+-cw, of a prime ideal, p, 
the coefficient c is I or p, according as is of the first or second 
degree. 


* This theorem holds for realms of any degree, but the method of proof 
used here is not applicable to those of degree higher than the second. 
See Hilbert: Bericht, Satz 17. 


~ 
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Ex. 1. If a and b be two ideals and a be prime to n[b], then [a] is 
prime to [5]. : 

Ex. 2. If $1, po, «++, Pn be prime ideals of the first degree no two of 
which are conjugate, and whose norms are p1, pz, **:, pn, show that the 
smallest rational integer in the product Pipe--: Pn is pips --- pn. 

Ex. 3. If the ideal a@ does not contain the factor (p), where p is a 
rational prime, and [a] be divisible by p" but not by p”*?, then a is di- 
visible by p", where n[p] = P. . 

§ 3. Determination and Classification of the Prime Ideals of 
a Quadratic Realm. 

The last theorem furnishes us with a method for obtaining 
and classifying the prime ideals of any quadratic realm, k( Vm), 
similar to that employed for the prime numbers of k(7),k(V— 3) 
and k(\/2). We have seen that every prime ideal divides a 
rational prime; hence, to obtain all prime ideals of k(\/m) we 
need only factor all rational primes into their prime ideal factors 
in k(\/m). If p be a prime ideal and / the rational prime which 
p divides? (since (—p) = (p) we may assume # positive), there 
are, it has been shown, two cases to be distinguished. That is, if 


(b) =I, 
then 7 °==n[p]n[il, 
and we have either 
i ulp]=p; nlil=? 
Olt 7 ni p| == p*;. a1il—=1, 
and hence he 


From i it follows by Th. 4 and the unique factorization theorem 
that 
(p) =pp’; that is, j—=p'; 
and from ii that 


(p) =». 


That only one rational prime can be divisible by a prime ideal ) is 
evident from the fact that, if two primes p and q were divisible by >, 
then their rational greatest common divisor 1 would be a number of }, 
and p would be (1). 


340 CONGRUENCES WHOSE MODULI ARE IDEALS. 


In i, (p) is factorable into two conjugate prime ideals of the 
first degree. 

In il, (p) is a prime ideal of the second degree. 

We shall now determine the relation which the form of p 
‘bears to the occurrence of these cases, and shall see that the 
factorization of (p) depends upon whether the discriminant of 
the realm is a quadratic residue, a quadratic non-residue, or a 
multiple of p. 

We shall show first that the necessary and sufficient condition 
for the factorability of (p) is that d shall be a quadratic residue 
of p or divisible by p, hence proving incidentally that the condi- 
tion for the non-factorability of (~) is that d shall be a quadratic 
non-residue of p. 

Suppose that 1 occurs; that is, 

| (bp) =pp’. 1) 

Since n[p] == /, there are » incongruent number classes with 
respect to p. We may take as representatives of these classes the 
numbers 0, I, ---, p—1; for, since p is the smallest rational 
number in p, the differences of no two of these numbers is a 
number of p, and they are therefore incongruent to each other 
with respect to p. 


It is evident that \/m, which is an integer, is congruent to one 
of these numbers, say a, with respect to p; that is, 


a—\/m==0, mod p, 
therefore, since a-+\/m is an integer of k(\/m), 


(a—Vm)(a+\Vm) =a? —m=0, mod p, 
and hence, since a? —m is a rational number and p the smallest 
rational number in p, 
a? —m==0, mod p. 2) 
Hence that m shall be a quadratic residue of p or divisible by p 
is a necessary condition for the factorability of (p). 


We must now distinguish between the two cases p=—2 and 
p=2. 
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First let p= 2. It may be shown that in this case 
a? — m==0, mod #, 


is a sufficient as well as necessary condition for the factorability 
of (Pf); tor trom 


a? —m==(a—Vm)(a+Vm) =o, mod f, 
it follows (Chap. XI, Th. 9) that, if (p) be unfactorable, either 
a—\/m=0, mod (f), 
or a+tVWm=o0, mod (p), 


and hence either 


Pil pro an EA 
Pe 
xtyVm 3) 
or a+Vm=— < p 


where + and y are either both even or both odd, the latter case 
being possible only when m==1, mod 4. 
The equations 3) lead to the impossible equations 


+ 1=yp/2. 


Hence 3) are impossible, and that m shall be a quadratic residue 
of p or divisible by p is a sufficient as well as necessary condition 
for the factorability of (p). Therefore that m shall be a quad- 
ratio non-residue of p is a necessary and sufficient condition for 
the non-factorability of (p). 

Now let the symbol (”/q), where q is an odd rational prime 
and ” any rational integer, denote 1, —1I, or 0, according as m is 
a quadratic residue or non-residue of qg, or a multiple of q. 

We shall now obtain the factors of (p) when (p) pp’, and 
shall show that when (m/p) =1 they are different, and when 


(m/p) ==0 they are alike; that is, (p) is then the square of a 
prime ideal. 
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When (m/p) =1, a is not divisible by p, and we shall show 
by actual multiplication that 


(p) = (b, a+Vm)(b, a— Vm). 
We have | 
(b,a+Vm)(p, a—Vm)=(6, pa—pvm, pa+pvm, a?—m) 
—=(p*, pa— p/m, 2pa, a®?—m) 
—=(p*, pa—pvm, 2pa, a? —™m, p) 
an 
since p is the greatest common divisor of p? and 2pa and may 
therefore be introduced into the symbol. 
We shall show now that 


(pb, a-+Vm) = (p, a—Vm). 


If they were the same, both would equal 


(p, a+Vm, a—Vm) = (p, a+Vm, 22) 
= (Pp, a+Vm, 2d, I) 
=a) 
since p and 2a are two rational numbers prime to each other and 
I may therefore be introduced into the symbol. Hence (p) is 
the product of two different conjugate prime ideals when m is a 
quadratic residue of fp. | 
When (m/p) =0, a is divisible by p, and we have by similar 
analysis _ 


(b) = (6, Vm) (6, — Vm) 
= (?, Vm)?. 
Hence (~) is the square of a prime ideal, when m is divis- 
ible by p. 


We see that, since the discriminant of the realm, d, = or 4m, 
according as m==1, mod 4, or = 2 or 3, mod 4, 


(d/p) = (m/p). 


We may express the results so far obtained conveniently as 
follows: 
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If p be an odd rational prime, (p) ts the product of two differ- 
ent conjugate prime ideals, or is itself a prime ideal, or is the 
square of a prime ideal, according as 


(d/p) ==1, —I, or O. 


To obtain basis representations of p we make use of Th. 1, Cor. 3, 
and at once recognize that when (m/p)—=1 and m==2 or 3, 
mod 4, 


(pb, a+Vm) 


is the required representation, for 
4 
'||=2 = 19]. 


In the case m==1, mod 4, (p, a+Vm) is not a basis repre- 
sentation of p, for when we express a-++\/m as a linear combi- 
nation of the basis numbers 1, (1 +1\/m)/2 of the realm, we have - 


yap") 


that is not a basis representation, since 


4 


a—lI 


= 2p + n[p]. 


In this case we can, however, get a basis representation of p 
as follows: since p is odd, a can be chosen so as to be not only 
a root of a?==m, mod #, but also odd. Supposing this done, we 
can introduce into the symbol of p the number (a +m) /2, and 
then omit a -+1/m, obtaining 

— ( pe + V *) 


2 


= (225+), 


2 2 


which is a basis representation of p, since 


p O 
La—T1 


2 | 


a = 7p). 
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We consider now the case (m/p) =0. 
In the cases m==2 or 3, mod 4, we have as the required basis 
representation 


p=(p, Vm) 
since 


|| =p =2[p]. 


I 


i 


When m=1, mod 4, we can introduce the number (p +1\/m)/2 
into the symbol (p, \/m), since p is odd, and thus have 


p= (A, Vim (2, Vm 24Y™) = (p, Pot tem 


2 2 


as a basis representation, since 


Bp ao 


Let now p= 2. 

We have in all cases (m/2)==1 or 0; that is, the necessary 
condition for the factorability of (2) is always satisfied. As to 
the sufficiency of this condition we must however distinguish 
three cases according as m==3, 2 or 1, mod 4. When m= 3, 
mod 4, we Have (1/2) = 1. and from 2)..0 — 1. 

Putting, therefore, iii equations 3) p==2 and ¢@—— 1, and Tre 
membering that when m= 3, mod 4, + and y must both be even, 
we see that 3) leads to the impossible equation 


o.oo 


Hence (m/2) —1, in the case m== 3, mod 4, is a sufficient condi- 
tion for the factorability of (2). 
We have indeed 


(2) = (2,1-+Vm) (2,1—Vm) 


for 2and 1+\/mare evidently numbers of p and 


2 i 


ee | 
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Hence (2,1-+/m) and (2,1—vm) are the factors of (2). 
But evidently 
(2, 1+Vm)=(2,1—Vm), 


and hence 
(2) = (2, 1+Vm)?, 
a result which may be verified by multiplication. Thus when 
mm == 3, mod 4, (2) is the square of a prime ideal. 
When m= 2, mod 4, we have (m/2) =o, and from 2) ao. 
Putting, therefore, in 3) p==2 and ao, and remembering that 


when m= 2, mod 4, w and y must be even, we see that 3) leads 
to the impossible equations 


ol ey 


Hence (m/2) =o is also a sufficient condition for the factora- 
bility of (2). We can show just as above that in this case 


(2) = (2, Vm)?. 

When m==1I, mod 4, we have (m/2) =—1I, and from 2) a—1I. 
Patingy p—=2° and -o-—1 1m" 3) we. cee. nowever. ty2b<) 
\==— I satisfy the first of these equations and r—1, y= 1 the 
second, (1—\V/m)/2 and (1+1\/m)/z2 both being integers of 
k(Vm), when m==1, mod 4. Hence both (1—\/m) and 
(1+\/m) are divisible by (2) and nothing is known as to 
whether (2) is prime or not. 

To determine when (2)=—php’ we may proceed as follows: 
If (2) =—pp’, then 0, I is a complete system of incongruent num- 
bers with respect to p, and hence (1+ /m)/2 must be con- 
gruent to either 0 or I with respect to p; that is, we must have 
either 


1+Vm 
= O, mod }, 
74 
L4G ey 
or i 5 coos A = O, mod f; 


and hence in any case 


I+ Vm\(1—Vm lm 
F )( nae = ——— = 0, mod p. 
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But (1 —m)/4 is a rational integer and we must have therefore 


I — mM 


= 0, mod 2, 4) 


since 2 is the smallest rational number in p. 
From 4) it follows that 


I — m= 0, mod 8; 
that is, m==I, mod 8, 


is a necessary condition for the factorability of (2) when m=1, 
mod 4. 

We must now distinguish two cases according as m==1 or 5, 
mod 8. In the latter case (2) is evidently a prime ideal, for 4) 
is no longer satisfied. We shall proceed to show that when 
m==1, mod 8, (2) is the product of_two different conjugate 
prime ideals. If (2) be factorable, p must contain one of the 
numbers (1 +1\/m)/2, (I1—\Vm)/2, and hence p’ the other. 
Moreover, we have 


{ 
| 
| 


| = 2 = n()). 


O I 


Hence, if (2) be factorable, we have 


( ee) ae 
Cee le 
2 Zz 


and this may be shown to be correct, for by multiplication we get 


(EY) Salar ovrs vg") 


2 2 
— a2) 
= (2), 


since (I—m)/4 and 1—v/™m are divisible by 2, when m=1, 
mod 8. Moreover, 


Lim I— Vm 
(2 A") + (2 *). 
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for, if they were the same, they would both equal 
( piven tye) ( I+vm ve 1) 
2; ’ = 2, rae | a (1), 


2 2 2 : 2 


which is, of course, impossible. Hence, when m==1, mod 8, (2) 
is the product of two different conjugate prime ideals. 

We may collect the results obtained for (2) as follows: 

(2) ts the square of a prime ideal when m==3 or 2, mod 4; 
it is the product of two different conjugate prime ideals, when 
m==1, mod 8, and it is a prime ideal when m= 5, mod &. 

We have evidently as basis representations of the factors of 
(2) in these cases respectively 


(2) = (2, 1+Vm)?, (2) = (2, Vm)?, 


(2) ergy 2, 2, ’ 
Pe Z 


(2) = (2, I +m). 

Let now the symbol (7/2) denote I, — 1, or 0 according as n is 
a quadratic residue or non-residue of 8 or is divisible by 2, and 
observe that, when m==3 or 2, mod 4, d= 4m, and hence is 
always divisible by 2, and that when m==1, mod 4, d=™m, and 
hence is a quadratic residue of 8 when and only when m=1, 
mod 8, and a quadratic non-residue of 8 when and only when 
m==5, mod 8. We may now combine the results obtained for 
p = 2 with those for p = 2 in the following theorem: 


THEOREM 7. If p be any rational prime, (p) 1s the product 
of two different conjugate prime ideals of the first degree, a 
prime ideal of the second degree, or the square of a prime ideal 
of the first degree, according as (d/p) 1, —1, or o} 

An ideal a of a quadratic realm such that a=! and whitch con- 
tains as a factor no ideal (a), where ais a rational integer differ- 
ent from + 1,is called an ambiguous ideal. The ambiguous prime 
ideals of a quadratic realm are evidently the prime factors of (d). 

The following table gives basis representations of the prime 
factors of (pf) in a convenient form for reference. 


*See Hilbert: Bericht, Satz 97. 
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In it a satisfies the congruence a*==m, mod f, and is, more- 
over an odd integer in the case when m==1, mod 4. 


m = 1, mod 4 m = 2 or 3, mod 4 

\— 1/(0)= oe) (2 ss (p)=(p, a+Vm) (f,a—-Vm) 
G\e =( ee Sarr PIS; ?D, m 

a aoe ee p+pvm a a 
i) =—1 (a) (4, aa Dye) (4) = (p, pV m) 

Ne _(,p+Vmy i —\2 
(S)= 0 (2) =(a24¥* ) (p) = (4,4 + Vm) 

De ais & k(\/ — 13) 

We have —13 =3, mod 4, whence 1, \/—13 is a basis of k(./— 13) 
and d= — §2. 
Since 


(A) 


and 1° = — 13, mod 2, we have (2) = (2, 1+ /—13)*. Since 


(“f= 


(=*) aon 
5 
(5) is a prime ideal. 

Ex. 2. Find basis representations of the prime ideal factors of all 
rational primes less than 20 in the realms k(\/—7), k(\/11) and 
k(\/30). 

Ex. 3. If the norm of any ideal be divisible by an odd power of a 
rational prime, p, then p is factorable into two conjugate prime ideals 
of the first degree. 


(3) is a prime ideal. Since 


§ 4. Resolution of any Given Ideal into its Prime Factors. 

We have in the last section given a general method for resolv- 
ing any principal ideal defined by a rational prime number into 
its prime ideal factors. 

The resolution of any given ideal a can be effected by observ- 
ing that the product of the norms of the prime factors of a must 
equal n[a], and hence the only possible prime factors of a are 
the prime ideal factors of the rational primes which divide [a]. 
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We then determine by actual multiplication which of the finite num- 
ber of prime ideals satisfying this condition are the proper ones. 
We shall see that the resolution of any ideal a,==(@,,Q,---,@n), 
can be made to depend upon the resolution of the principal ideals 
(a,), (a2), ***, (Gn), and shall illustrate by the following ex- 
ample the resolution of a principal ideal into its prime factors. 

Let k(\V—5) be the given realm and (10-++V—5) be the 

given ideal; then 
BAO V5) 05 

Hence (10 -+1/— 5) must be the product of three prime ideals 
whose norms are respectively 3,5and7. The prime ideals whose 
norms are 3 are evidently (3, 1 +V—5) and (3,1 —V/—5). The 
only one whose norm is 5 is (V—5). Those whose norms are 
7 are (7,3-+V—S5) and (7,3—V—5). 

By multiplication we can determine which of the four possible 
combinations of these ideals is the correct one. Wecan, however, 
materially shorten the process by observing that, if (10 -+V— 5) 
be divisible by (7, 3 —V— 5), then (10-+V— 5) is a number of 
(7,3—V—5); that is, 

(7, 3 —V—5= (7, 3—V—5; 10+ V—5) 
= (7; 3—V—5: 10+V—5, 13) 
mass (7; 3—V—5; 10 +V—5, 13, I) 
= (1), 
which is impossible. 

Hence (7, 3—\V/—5) is not a factor of (lIo+VW—5). 

Since 7, 3 —\/— 5 is a basis of (7, 3 —V—5) we could have 
determined whether or not. 10+1/—5 is a number of (7, 
3—V—5) by seeing whether or not 


10 +-V—5=7*4 + (3—V—5)9 
where + and y are rational integers. This equation gives 
4 = 13/7, y==—I, and it is again proved that (lo +—S) is 
not divisible by (7, 3—\V—5). In like manner we can show 
that (3, 1—\/— 5) does not divide (1o-+\/—5). Hence 
OO Vs) = G6 ttV25) (5) 345 
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Had we first tested either (7, 3 -+V—5) or (3, 1 +V—5) 
we should have found, of course, that (10 +\/—5) was divis- 
ible by it. : 

If n[(a)] be divisible by a higher power, p", than the first of a 
rational prime, p, then either (p) is a prime ideal in which case a 
is divisible by p*/?, this case being possible therefore only when 
r is even, or (p) is the product of two conjugate prime ideals, 
p, p’, of the first degree. 

In this case (a) may be divisible by both p and p’, and hence 
a by p, or (a) may be divisible simply by a power of one of the 
ideals, say p. 

Tf 9a. 


where a, is not divisible by p, then (a,) cannot be divisible by the 
product pp’ and hence, if n[(a,)] be divisible by p%, then a, is 
divisible by either p* or p’’, these cases occurring respectively as 
(a,) is divisible by p or p’. 

The resolution of any principal ideal into its prime factors can 
therefore be effected. 

Let now a= (a, 4, -+:,@n) be any ideal. Since a is the great- 
est common divisor of the principal ideals (a,), (a.), ---, (An); 
we can effect the resolution of a into its prime ideal factors by 
resolving the ideals (a,), (a,), --:, (@n) into their prime factors 
and taking their greatest common divisor; this will be a. 


Ex. 1. Let (21, 10+./—5) be the given ideal. We have found 
above that 
(ot VY—5) = (3, r+ V—5)(V—5) (7, 3+-V—5), 
and we have evidently ; 
(21) = (3, 1+ V—5) (3, r-— V— 5) (7, 3+ V— 5) (7, 3— V —5)- 
Hence eas ee oe 
A215 AO Ay dy 3) 


is the resolution of (21, 10+ ./—5) into its prime factors. 

Ex. 2. Resolve the ideal (30) into its prime ideal factors in the realms 
kR(V/—5), RCV —7) and k(V/30). — 

Ex. 3. Resolve the ideal (24—./26) into its prime ideal factors in the 
realm k(\/26). 

Results should be verified by multiplication. 
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There are many devices which shorten numerical work with ideals, 
some of which will be illustrated later in the solution of examples. 


$5. Determination of the Norm of any Given Ideal. 

If an ideal has been resolved into its prime factors, or if we 
have a basis of the ideal, its norm is easily found. 

Let a,== (dj, M,-+-,@n), be the given ideal, and let 


A= Pips -* Pr 


be the resolution of a into its prime factors; then 


If we have a basis a,, + 4,0,, 0,0, + 5,0, of a, we have, of 
course, at once 


Turorem 8. The greatest common divisor of the norms of 
the numbers of ats n[a]. 

Let n[a] =a, and let a be a number of a such that (a)/a is 
prime to (a). Then, if a’ be the conjugate of a and a’ the con- 
jugate of a, we have (a’)/a’ also prime to (a), and hence 
(n[a])/(a) prime to (a). Therefore a is the greatest common 
divisor of n[a] and m[a], and hence of the norms of all num- 
bers of a.t 

It should be observed that the greatest common divisor of the norms 
of the numbers defining a is not necessarily n[a], though, of course, 
n[a] is a divisor of it; for example, 

(¢+-V=8 1—- V5) = (1+ V—8) 
is an ideal whose norm is 2, but the greatest common divisor of 
n[1 +f —5] and nm[1—V/ —5] is 6. 

§ 6. Determination of a Basis of any Given Ideal. 

Let a,==(a,,0,,--:,@e), be the given ideal and let n[a] be 
known. If two numbers, a;,—4@,0, + d,0,, @j,==b,0, + b,0,, of 
a be known, such that 


= [a], 


* Hilbert: Bericht, Satz 21. 
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then evidently a;, a; constitute a basis of a. If no numbers sat- 
isfying this condition be known, we can determine a canonical 
basis, a, b-+ cw, of a, where a and c may be assumed positive, as 
follows: 

We observe first that, if a,, b, +-c,w be a canonical basis of an 
ideal a, and e a rational integer, then a,e, b,e + c,ew isa canonical 
basis of the ideal a(e). The determination of a basis of a can 
therefore be reduced always to the determination of a canonical 
basis of an ideal which is the product only of prime ideals of the 
first degree, no two of which are conjugates. 

Having resolved a into its prime factors, we collect all pairs 
of conjugate prime ideals of the first degree and all prime ideals 
of the second degree. The product of these factors will be the 
principal ideal (@) where e is a rational integer, and we have 


a==a,(e), 
where a, is the product of prime ideals of the first degree only, 
no two of which are conjugates, and whose norms are 
Pi, Po: 2+) Pm. 

To find a canonical basis a,, b, +c,» of a,, we observe that a,, 
being the smallest rational integer divisible by a,, must be 
Pipo +++ Pm, and furthermore that, since 

QC, = n[0,] = Pips +++ Pm, 
Cie YT, 

Hence ~,~.--: Pm, 6, + is a canonical basis of a,, where b, is 
to be determined... Since n[b,-+ ] is a rational integer and a 
number of a, we have 

n[b, + ©] ==0, mod PiPo*+* Pm; I) 
that is, when w==\/m, b,2—-m==0, mod f,p, --- Pm, 2) 


and when 


I+ Vm 208 
O= = ; (20 2 =0, mod/,p,:::A,.: 3) 


It will be easily seen that 2) and 3) have solutions which fall 
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into pairs, b,, —b, and 2b, + 1, — 2b, —1, and that each pair of 
solutions of 2) gives the numbers 


bat+Vm, —b+Vm, 


and each pair of solutions of 3) the numbers 


24+1+Vm —26,—-14+Vm 
2 ‘ 2 


One of the numbers so obtained must belong to a, and can, of 
course, always be determined by resolving the numbers into their 
prime factors and thus finding out which is divisible by a,. It 
can, however, usually be determined with much less work from 
the fact that in determining which of these numbers is divisible 
by a,, it is helpful to observe that, if a, be divisible by p" but not 
by p’*?, where n[p] =, and if a be one of the numbers satisfying 
1), and n[a] be divisible by 7 but not by p**?, a itself not being 
divisible by p, then if a be divisible by p, it is divisible by pan 

The above method for determining a basis of an ideal a de- 
pended upon the knowledge of the prime factors of a. We shall 
now explain how a basis may be determined without this knowl- 
edge and without that of n[a], giving therefore incidentally a 
method for finding n[a]. We have seen that, if among the prime 
factors of a there occur one or more pairs of conjugate ideals’ a 
is divisible by a principal ideal (e), where e is a rational integer. 
Every number, a; + Diw, is therefore a number of (e) and hence 
is divisible by e. Therefore a; and b; must be divisible by e. 
Conversely, if in every number, a; + div, of a a; and 0; be divis- 
ible by e, then a is divisible by (e). 

Let e be the greatest common divisor of the coefficients, ai, bi, 
in all the numbers defining a, and let a; eri, bi; ==e5;. Then 


a=a,(e), 


where a, is the product of prime ideals of the first degree, no two 
of which are conjugates. We have seen that a canonical basis of 
a, has the forma,b+o. Furthermore a,=(r,+ 5,0, +++, n+ Sno) 
and the greatest common divisor of 7,,-°++,%n,5,,°*',5n 18 I. By 


‘Of the first degree or one or more of the second degree. 


23 
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multiplying each number, r; + Siw, defining a,, by wo, when 
o= Vm, and by »—1, when o=4(1 +\Vm), we can intro- 
duce into the symbol the numbers, ¢; + 7riw: that is, such that the 
coefficient of w is r;. Since the greatest common divisor of the 
COGMIClenic. 7 22-7, 6c. ot Gis I, we can find rational in- 
TERETS, Hy, --*, Un, V,, a “2, such that 


YU, +> + Pat, + SU, + --- Sut == 1, 
and hence can introduce into the symbol a number b + w; that is, 
one in which the coefficient of w is 1. This is evidently one of 
the desired basis numbers. To find the other number, a, we pro- 
ceed as follows. Every number in the symbol can be expressed as 
a linear combination of b +» and a rational integer; thus 


1, +so=s5,(b+0) + %—S5,b==s5,(6 +0) ee; 


where c, is a rational integer. We have also 


C¢,=7; + S,o— $,(b + w). 
Hence we can introduce c, into the symbol and omit ry + Ssyo. 
Proceeding in this manner with each of the remaining numbers, 
we have finally in the symbol only rational integers and b+o. 
Let a be the greatest common divisor of these rational integers 


and n[b-+]. Evidently we can introduce a into the symbol 
and omit all of the rational numbers ; that is, we have 


qa, (a, b a o) ; 
To show that a, b+ wo is a basis of a,, we must show that any 
linear combination a(e, + fiw) + (b+0)(e,+f,0) of a and 
b+, where e, + f,w, e, + fyw are any integers of the realm, is 
expressible as a linear combination ar + (b+.)y, where x and 
y are rational integers ; that is, we must show that the equation 


On = (6+ 0)y=a(e,+f,o) ze (b+) (€, + fw) 
is satisfied by integral values of + and y for all integral values 
of ¢,, fi, 2, fe. Multiplying, putting w?—m, or o+4(m—1), 
according as w—=\/m, or 4(1+\V/m), equating coefficients and 
making use of the fact that n[b-+] is divisible by a, we see 


3 
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easily that this condition is satisfied. Hence a, b+ o is a canon- 
ical basis of Q. 


It is well to observe that, when an ideal has the form (a, b+»), it does 
not follow necessarily that a, b+ is a basis. The necessary and suffi- 
cient condition for this is that [b+] shall be divisible by a. 


im Gta a= GG 1+ Vo) ee \/ —5) be the ideal 


whose basis it is required to determine. We have 


a= (3, 1+V—5)70, 3+ V—5), 
and n[ a1] = 63. 


Hence 63, b+ V—5 is a canonical basis of a:, where Db is to be deter- 

mined by the condition 

b+ V—5 =0, mod a. 

The condition ae 
n[b + ./— 5] =0, mod 63; 


b? + 5 =o, mod 63, 


that is, 
gives 
b = 11, —II, 25 or — 25, 
and hence as possible basis Hueco as 
14+V=5 —u+t+V—5S e2+V—5 —3+V—s& 


It is easily seen that 11 +./—5 and —25+./—5 are not divisible 
by (3, 1+ —5) and hence, of course, are not divisible by ai, while of 
he swo numbers: —11 + x/—-8. aud. 25-4 Wo Semaine. ony 
eT N25 18 divisible DY 7) 47 /—5). 

Hence —11-+./—5 is the number required, a result easily verified 
when we see that 


(ad) = 14 a) ee 
Hence, 63, —i1+./—5 is 2 basis of a,, and (1386, — 242 + 22\/ — 5) 
is a basis representation of a. 


Ex. 2, Let a= (210, 70+ 70\/—5, 90+ 30/ —5, —20+40V/ —5) 
be the ideal whose basis it is required to determine. Using the second 
method, we have e= 10 and 


a, = (21, 7+7V—5, 9+3V —5 —2+4V —5). 
We see that we can introduce the number 10 + \/ —5 and have easily 
a, = (21, 63, 21, 42, 10+ VV —5). 


Now 21 is the greatest common divisor of 21, 63, 42 and n[1o-+ /— 5], 
= 105, and therefore 


a,= (21, 10+  —5), 


where 21, 10-+./—5 is a canonical basis. A canonical basis of @ is 


evidently 210, 100 + 10\/ — 5. 
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§ 7. Determination of a number a of any ideal a such that 
(a)/a is prime to any given ideal m. 

We have proved the existence of such a number and shall now 
show how it may be determined in any given case, this problem 
being not only of interest but of considerable importance in the 
solution of certain problems to be given later. The proof given 
above of the existence of a furnishes us with a clue to a method 
for its determination, which we shall illustrate by some examples. 
As is seen from the above proof, the determination of a in the 
general case is dependent only upon its determination in the case 
where m is a prime ideal p. 

If a,== (@,,4,,---,Q@m), be any ideal, then some one, a;, of the 
numbers @,,Q., -+*,Q@m,? defining a, which are, of course, all divis- 
ible by a, must be indivisible by ap; for otherwise, all numbers of 
a would belong to ap and a be divisible by ap, which is impossible. 
This number, a;, is the required number a. We have, therefore, 
merely to resolve in turn the numbers defining a into their prime 
ideal factors until we find one which satisfies the required con- 
dition. 

Consider the realm k(\/—5) and let 

a==(21,1l0+V—5); m=(2,1+V—5). 
Resolving a into its prime factors, we have 
oS Gye) ce yo) 


Proceeding now to resolve in turn the numbers defining a into 
their prime ideal factors, we have evidently 


(21) = (3) (7) = 
Ce) a oo 
We see now that the quotient 
(21) /4—=={3, ©) 5) 3--V 5) 
is prime to (2, 1+*1~/—5), and hence 21 is the number, a, 
required. 


*We can reduce these always to two but have chosen the more general 
case so as to show that this reduction is unnecessary. 
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Also, since 


(10+-V—5) = (3, r+V—5)(7, 3+-V—5)(V—5)- 


The quotient == 
tas ent 2 =(V—5) 


is seen to be prime to (2, 1+V—5); hence 10 +V—5 will 
also serve as a. We could have seen at once that either 21 or 
10 -+\/— 5 would serve as the required number, for they are both 
1+VW—5). Ifa bea principal ideal (8) and m any ideal, it is 
evident that the quotient 


(B)/(B) = (1) 


is prime to m, and hence £ is the number, a, required. 
To illustrate the determination of a in the general case, let 


a= (21, 10++V—5) and m=(15, 5+V—S5). 
Resolving these ideals into their prime ideal factors, we have 
as above 


a=(3, 1+V—5)(7, 3+V—5), 
and m= (3, 1—-V—5)(V—5), 
the last result being .easily obtained by the method employed in 
the factorization of a, or by simply observing that each number 
defining m is divisible by V— 5. 
We have found 


(c 3—V—5), 
and 30/225) == (3,1 Fy 5), 9 oe 


and it is well to see whether one of these numbers does not fulfil 
the conditions demanded of a, this often being the case. Here 
we see, however, that neither of the quotients, 


(21)/a= (3, 1—V— 5) (7, 3—V—5), 
or (10 + V—5)/a=(V—5), 
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is prime to m, and therefore that neither of the numbers 21 or 


10 -+\/—5 will serve as a. Hence we must proceed to construct 
a as in the above proof. 
We have 


eh ty gy 8 
ey ee 


and it is at once evident that 21 and 10-++1\/— 5 will serve as a, 
and a, respectively; for the quotient, 


(21) /a,= (7; 3 —V—5) 
is prime to (V—5), and 
(10 +V— 5)/a,= (1) 

is prime to (3, 1—V—5). 

Hence a=21+10+V—5=31+V—5 
is the number required. 

This result is easily substantiated by factoring (31 +V—5) 
into its prime ideal factors. 

We have 

n(31 +V— 5) =966 =2-3-7-23; 

hence (31 +\/—5) is the product of four ideals whose norms are 
respectively, 2, 3, 7 and 23. The quotient, (31 +1/—5)/a, is 
therefore the product of two ideals whose norms are respectively 


2 and 23, and hence is prime to m, whose factors have the norms 
3 and 5. We indeed see easily that 


(31-+-V—5) = (2, 1+-V—5)(3. 1+-V—5) (7, 3+-V—5) 
308 V5). 


§ 8. The ¢-Function for Ideals. 

sy ¢(m), where m is any ideal, we denote the number of 
integers of a complete residue system, mod m, which are prime to 
m, that is, the number of integers in a reduced residue system, 
mod m. 
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Thus, if m—=(3, 1+\V—5), taking as a complete residue 
system, mod (3, 1-+\W/—5), the numbers 1, 2, 3, we see that I 
and 2 only are prime to (3, 1 +V—S5), 3 being divisible by it, 
and hence 


$(3, T+-V—5) =2; 
that is, 


$(3, I+-V—5) =n(3, 1+-V—5)—1. 
Likewise, if m= (3) = (3, 1—V—5) (3, 1+ V—5), taking 


as a complete residue system, mod (3), the numbers 0, 1, 2, V—5, 
I +V—5, 2 +V—5, 2 Bok af vO fee 5, 2 zs 2V— 5, we see 
that 1, 2, V—5, 2V—5 are prime to (3) and hence 
$(3) =4. 
In particular, we have ¢(1) =I. 


Ex. 1. Determine ¢(1+./ —5). 
Ex. 2. Determine (13, 5+./ — 14). 


THEOREM 9. If p be any prime ideal, 


(0) = [91 (1 — 5709). 


By Th. 2 there are in a complete system -of incongruent num- 
bers, mod p%, exactly n[p°*]/n[p] that are divisible by p, and hence 
n[p?| —n[p?*|/n[p] that are prime to p*. Hence 


b(p’) = 2[p'] (: eS eI): 
Ex. We have 


pene —_— I 
(3, 1— V—14)8 = n[( 3, 1 -— V— ra) (1 apr a a a) 
Ae) 
= 1g. 

The general expression for ¢(m), where m is any ideal, could 
be deduced by a method very similar to the one first employed in 
R. We shall make use, however, of the second method employed 
in R (Chap. III, § 14), for this was at once applicable in k(7) 
(Chap. V, § 12), and we shall find the same to be true in the case 
of ideals. This method depends in R, it will be remembered, 
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upon the property of the ¢-function that, if a be prime to b, then 
$(ab) = (a) -$(6). 


To prove this for ideals we begin by proving the following 


theorem. 


THEOREM 10. Jf m be the product of the ideals a,, 5, +++, Qs 
that are prime each to each, and a,,,,---,as any integers of the 
realm, there exist integers, w, such that 

o=d), mod Gi wo =o, mod Q,, oa" nag) o= Cds, mod Qs, I) 


and all these integers are congruent each to each, mod m.* 

This theorem is proved most easily by a method analogous to 
the symmetrical one employed for the corresponding theorems in 
R and R(t). 

Let m= a,b, =— 0, Ss AeDe. 

Then b,+5,+---+bs=(1), 
and hence there exist in the ideals b,,b,,---,bs respectively, 
numbers B,, Bo, ---, 8s, such that 

B,+B.t+--- +8s==1 (Chap. XI, Th. 8, Cor.). 2) 

The number 
a8, te ApB. 2 Di — AsBs 
satisfies all of the congruences 1). For example, we have 
a,B, ae A>Bo ae on a Ass =a), mod a1; 
for, since b,,b;,---,, are all divisible by a,, the numbers 8,, Bs, 
++, Bs are all divisible by a,, and from 2) it follows that 
8,=1, mod a,. 

Furthermore, if » be any number satisfying the congruences 1), 

we have by multiplying them respectively with B,, B., ---, Bs, 
o8, =a,8,, mod m, 
wB, = a,B., mod m, 3) 
wBs =4s8s, mod m. 


*See Chap. III, §14, and Chap. V, §12; also Dirichlet-Dedekind: 
§ 180, II. 
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Adding together the congruences 3), and making use of 2), 
we have 


wo ==2,8,-+ 4,8, +--+ + 48s, mod m. 


Hence all numbers satisfying the congruences 1) form a single 
number class, mod m. 

If we let a,,a,,---,@, run through complete residue systems 
with respect to the moduli a,,a,, ---,as respectively, the resulting 


n[a,]n[a,] --- [as] =n[m] 


values of w evidently form a complete residue system, mod m. 

The necessary and sufficient condition for » to be prime to m is 

that a,,a,,-+-,@s be prime respectively to the moduli a,, a., --:, de; 

for, from the congruences 1) we see that the necessary and suffi- 

cient condition that w be prime to each one of the factors a,, dp, 
--, Qs of m is that each a be prime to its a. 

Hence, when a,, a,, -+-,@s run through reduced residue systems, 
moduli a,,a,,-:-,Qs, respectively, the resulting values of w form 
a reduced residue system, mod m. We have, therefore, at once 
the following theorem: 


THEOREM II. If a,, Q,, ---, As be ideals prime each to each, 
then 


(a0, ae Qs ) = $(a,) (4a) ake $(as). 


We can now obtain easily an expression for ¢(m) when mis , 
any ideal whatever. 


THEOREM 12. Jf m,==p,"p,%--- p,°r, be any ideal, where ,, Po, 
--, pr are the different prime factors of m, then 


0) = #10) (15093) apeg) + (ata) 


By Th. 11 we have 


H(m) =F (Pi) h(Po%) +++ h( Pr"), 
from which by Th. 9g it follows that 
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Hence by Th. 3: 
I I I 
m) = aim i. LS eet ft 
ould ( my, ( m[y.] ) ( a[y,] 


Ex. 1. We have 
(21, 0+ V—5) = (3, 1+ V—5) (7, 3+-V—s) 


and hence 
o(21, lo+ YW —5) =21(1—}) (1-1) = 
Ex. 2. Find 


(6+ /—14) and (189, 77+ 7\/ —14). 

THEOREM 13. If b be any divisor of an ideal m, and m= nb, 
the number of integers of a complete residue system, mod m, 
which have with m the greatest common divisor d is o(n). 

Since by § 1, ix, if the theorem be true for any particular 
residue system, mod m, it is true for all, we may take the ee 
used in Th. 2. We have shown that the integers 


Sv,, 8v2, +++, 8vnpny, 4) 
where 8 is a number of » such that (8)/d is prime to n, and 
V1, V2) +++)Vntn] 18 a complete residue system, mod n, comprise all 
and only those integers of a complete residue system, mod m, 
which are divisible by b. Hence the integers of the complete 
residue system, mod m, which have with m the greatest common 
divisor b, are those of the system 4) in which the coefficient of 
D is prime to n, and these are ¢(m) in number. 


THEOREM 14. If 0,,D.,°++,Dn be the different divisors of m, 
then 


+40) ae ae [m)] 


Let D,,D., ---, Dx be the different divisors of m, including m and 
(1). Then 


m= m,b, = m,b, —eere == ed. 


Let Py, Bos °° *s Pn[ my] 5) 


be a complete residue system, mod m, and separate these numbers 
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into as many classes as there are different divisors of m, putting 
into one class the ¢( m, ) numbers that have with m the greatest 
common divisor ), (Th. 13), into another, the ¢(m,) numbers 
that have with m the greatest common divisor D,, etc. It is evi- 
dent that each of the numbers 5) will be in one and but one of 
these classes, and hence, since they are m[m] in number, 


o(m,) + $(m,) + +--+ ¢(m,) =n[m]. 


But m,,m,,---,M, are the different divisors of m, though in a 
different order from that of the d’s. The theorem is therefore 
proved. 

The proof here given of this theorem is, it will be observed, dependent 
only upon Th. 13. The property of the ¢-function thus shown completely 
defines the function and we shall be able to derive from it, as in R, the 
general expression for ¢(m). From the general expression for ¢(m) may 


then be obtained Th. 11. We may also obtain Th. 14 from the general 
expression for ¢(m), as in R. These two proofs are left to the reader. 


THEOREM 15. Jf m be any ideal other than (1), whose prime 


factors are ),,P.,°+-,pr, and Dd any divisor of m other than m, 
and if we separate all ideals of the form 


m 
Pip. --- pe 

no ) being repeated, into two classes, I and II, putting in class I 
those such that m 1s divided by none or by the product of an even 
number of the p’s, and in class II those such that m is divided by 
the product of an odd number of the ’s, then exactly as many 
ideals of the one class are divisible by D as of the other. 

We see that the positive and negative terms of the developed 


eee 


coincide respectively with the ideals of classes I and II; that is, 


*No meaning of addition or subtraction is to be abscribed to the + or 
— sign attached to these terms, it being simply observed that all the terms 
in the developed product are ideals, to some of which the sign + is 
attached and to others the sign —. 
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denoting by 3m,, Sm, respectively the sums? of the ideals of these 
classes, we have 


(1-2) (1-2)... (2-2) = 3m, — 3m, 


Let ™ = p,“p,°% Seine pre. 
We shall prove the theorem first for the case in which 
é, =e, = +o == @r = 1; 


that is, m is not divisible by a higher power than the first of any 
prime ideal. 


Put Pip. +++ Pr =a. 
We have 
a(r-5 (1-2). 2-F) <6. 0-9-0 
= 2a, — 24, 


where Xa,, Sa, have meanings corresponding to those of 3m,, Sm,. 

If now 6 be any divisor of a other than a, the number of a, 
terms which are divisible by b is exactly equal to the number of 
a, terms which are divisible by 6; for, if we put 


a= bg,92 “7 Day 


where Q,,;e,°**,9s are those prime factors of a which do not 
divide b, then the a,’s and a,’s, which are divisible by 6 are 
respectively the positive and negative terms of the developed 
product 


De ee) a 0), 6) 


Moreover, since b=~a, there is at least one prime ideal which 
divides a but not b; that is, there is at least one g. 

Hence there are always exactly as many positive as negative 
terms in the developed product 6), and consequently as many a,’s 

*This sum is to be understood in a purely formal sense as merely the 
aggregate of the ideals of the class connected by + signs, and has, of 


course, no connection with the notation for the greatest common divisor 
given on p. 311.’ 
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as a,’s divisible by 6. The theorem is therefore proved when m 

is not divisible by a higher power than the first of any prime ideal. 
We proceed now to prove the theorem for the general case. 
Letting a, a,, a, retain the meaning assigned above, we have 


m= Dy pes: oo chil Ut Ue het pr = na, 


and it is evident that the ideals m,, m, coincide respectively with 
the products na,, na. 

Let now » be any divisor of m other than m and let g be the 
greatest common divisor of the two ideals 


Do). and t= 16 


We see that 6 is a divisor of a, for c is prime to b, and ca is 
divisible by 6, since 


aim 7) 
and m is divisible by D. 

From 7) it follows, since c is prime to 6, that, if D—=m, then 
c==(1) and b=a. Conversely, if b==a, and hence is divisible 
by all prime factors of m, then c, since it is a divisor of m but 
prime to b, must be (1) and hence D—m. 

Excluding therefore the case )==m, so that we have always 
b=a, there are among the ideals a, exactly as many that are 
divisible by 6 as there are among the ideals a,. 

Since, moreover, the necessary and sufficient condition that 
an ideal 

mM, —= Ta, = gca,, 


or ta 


shall be divisible by D, = gb, is that a, or a, shall be divisible by }, 
there are exactly as many of the ideals m, divisible by Dd as of the 
ideals m,. The theorem is therefore proved. 

This theorem and proof is interesting as illustrating once more how 
exactly everything concerning rational integers that involves no property 


other than that of divisibility, can be carried over to the general realm 
in terms of ideals. 
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As in the case of rational integers, the following theorem can 
be deduced from the one just proved. 


THEOREM 16. a. Jf f(m) and F(m) be two functions of any 
ideal m that are connected by the relation 


sf(d) =F(m), 8) 
where D runs through all divisors of m, including m, then 
f(m) = SF (m,) —3F(m,), 9) 


where m,, m, run through the values defined in the last theorem. 
b. Jf f(m) and F(m) be connected by the relation 


lif (>) =F (m), . 10) 
II 
then J(m) = AG 11) 


To prove a) it is sufficient to observe that, if D, be any divisor 
of m other than m, it is a divisor of exactly as many of the m,’s 
as of the m,’s (Th. 15), and hence when in 9) we replace the F’s 
by their values in terms of the f’s from 8), f(D,) will occur 
exactly as often with the plus sign as with the minus sign. Hence 
all terms in the second member of 9) will cancel with the excep- 
tion of f(m), which occurs but once. The proof of b) is similar 
and will be left to the reader. 

From Th. 16, a, we can easily obtain by the aid of Th. 14 the 
general expression for ¢(m). 

From Th. 14 we have 


S4(b) =n[m], 


where D runs’ through all divisors of m. Applying Th. 16, a, 
we have 


f(m)=¢(m), F(m)=n[m], 
and hence 
(im) = n[m,] —3n[m,]. 


Since, moreover, 


Sit, — Smy=m(r—2)(r-Z).. (2-2), 
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and. it 
ae m 
: pip, i Dp; 
then 
afm] 
‘ [m,] Be Ly, ] ut [p.] r 2p; ] 
we have 
Lx fm, |] —LZx[m,] = [mn] ( oie ones (559) ve (>) 
oe ae n[P,] n[p.] nip, |)’ 
and hence 


$n) = Dn] (1-55) apy) (ag) 


Summing up what has been learned concerning the ¢-function 
for ideals, we see that, exactly as in the case of the corresponding 
function in Fk, the function possesses the two properties: 

1. (ab) = ¢(a)-¢(6) where a is prime to b. 

il. 3f(D) —=x[m], where d runs through all divisors of m; and 
that either one of these properties completely defines the function, 
and from it may be deduced the general expression for #(m) and 
the other properties, or we may as in FR derive the general expres- 
sion for the function directly from its definition, and then from 
it get i and ii. 

The conception of ¢-functions of higher order and the theorems 
relating to them which hold for rational integers (Chap. III, $ 6) 
can be at once extended to ideals. 


$9. Residue Systems Formed by Multiplying the Numbers 
of a Given System by an Integer Prime to the Modulus. 


THEOREM 17. If py, fos +++, apm De a complete residue systein, 
mod m, and a any integer prime to m, then ap,, apro, ++, Qn my is 
also a complete residue system, mod m. 

The integers a,, to, -++,Apnrm, are incongruent each to each, 
mod m, for from 


Ani == Ap;, mod m 
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it would follow that, since a is prime to m, 
i == py, mod m, 


which is contrary to the hypothesis that py, .,-°++,M@ntm) form a 
complete residue system,modm. The integers ap,,p.,-+-,Apnr 3 
are, moreover, m[m] in number. They form, therefore, a com- 


plete residue system, mod m. 


Cor. If py, pos-**sPgcny Ee a reduced residue system, mod m, 
and a be prime to m, then apy, Ops, -*-,Apycm) 18 also a reduced 
residue system, mod m; for Ap,,Qps,---;Apyrm) are incongruent 
each to each, mod m, prime to m, and ¢(m) in number. 


Ex. Since 1, 2,3, V—5,1+V—5,2+V—5, 2V—5,1+2V—5, 
2-+2\/ —5 constitute a complete residue system, mod (3), and \/—5 
is prime to (3); heme 2\/—5, $V 5, mass 5-4/5: —§+2V —5, 
— 10, —10+.\/—5, —10+2\/ —5 is also a complete residue system, 
mod (3). 

Likewise since I, 2, \/ —5, 2\/ —5 is a reduced residue system, mod 
(3), V—5, 2/— 5, —5, —10 is also a reduced residue system, mod (3). 


If p be any prime ideal and a an integer prime to p, it is evident 
from the above that there exists an integer a, such that 


aa, ==I1, mod p. 
We call a, the reciprocal of a, mod pb. 


§ 10. The Analogue for Ideals of Fermat’s Theorem. 

The following theorem is for ideals the exact analogue of 
what Fermat’s Theorem, as generalized by Euler, is for rational 
integers. The similarity inthe proofs of the two theorems should 
be noticed. 


TuHeorEM 18. Jf m be any ideal and a any integer prime to 


m, then 
aé() ==1, mod m. 


Let Pi» P2s °""s Pdcm) I) 
be a reduced residue system, mod m. Then, since 


Api, Apo, ***s AP gm) 2) 
is also a reduced residue system, mod m, each number of 2) is 
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congruent, mod m, to some number O11) s thats: 
st = Pj, 


oles ,mod mm, 3) 


AP b(m) a P3 scm) 


where Pai Pi wanes} P§ gen 


are the numbers 1), though perhaps in a different order. 
Multiplying the congruences 3) together, we have 


a *PiP2 °° > Porm =e Pr P52 coe Pi acm? mod 1m, 
from which, since pips ***Pgim 1S Prime to m, it follows that, 
— q¢(™ == 1, mod m. 


Ex. Let m= (3+ 7 —5), and a=3. We see that (3) is prime to 


for 3°—1, =728, is divisible by »[(3+ V—5)]. —14, and hence by 
(3+V —5)- oo 

Cor. 1. If p be a prime ideal, and a an integer not divisible 
by p, then 

qntrl-t== 1, mod p. 

This is the exact analogue of Fermat’s Theorem for rational 
integers | 

Cor. 2. If p be any prime ideal, and a any integer, then 


antl==q, mod p. 


§ 11. Congruences of Condition. 

Just as in the rational realm we have so far considered con- 
gruences that may be compared to algebraic identities, the values 
of all the quantities involved being given and the congruences 
expressing simply the fact that the difference of the two num- 
bers is a number of the ideal that is the modulus, or, in other 
words, this difference considered as a principal ideal is divisible 
by the modulus. 

We shall now, as in the rational realm, consider congruences 
that hold only when special values are given to certain of the 

24 
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quantities ; that is, the values of these “ unknown” quantities are 
to be determined by the condition imposed by the congruence. 

To develop the theory of congruences of condition for ideal 
moduli it 1s necessary to introduce the conception of the con- 
gruence of two polynomials with respect to an ideal modulus; 
thus, 

Tf f (44, %o, +++; 4n) be a polynomial in the n undetermined quan- 
tities %1,%,-+++,Xn with coefficients which are integers of k(\/m) 
and m be any ideal of k(\/m), we say that f(+,,4%,++:,4n) 1s 
identically congruent to o with respect to the modulus m, tf all 
its coefficients be divisible by m.* 

This relation is expressed symbolically by 


igre See ¥n) ==, mod..m. 


d WO PCO YnOnnas, 7( 4, 4, ---, ty) Nd Olt, 4; +: -, Hy), are 
said to be identically congruent to each other, mod m, if their 
difference be identically congruent to 0, mod m, or, what is the 
same thing, tf the coefficients of corresponding terms in the two 
polynomials be congruent, mod m; that is, 1 symbols 


Pit oe, tae, 0d MM, 
if Fide =, et ) == God - m- 
For example; we have 
(14+ 3V=5)* + sry +7? +14+2V—5= 
Sap BN 0) a er es tos 7, SV 5): 
If Pe a) —— - 4 nod It, rE) 
and 4,,Q5,°-:,@n be any 7 integers of the realm, then evidently 
f (1, Ay, +++, An) =(,, 4, -+-,4n), mod m. 2) 


If, however, 1) does not hold, then 2) does not hold in general? 
fOr Every set OL mterers G,:4,, ---,O,. 


*It will be understood throughout this discussion that the coefficients 
of a polynomial are integers of some certain quadratic realm and that 
the modulus is an ideal of this realm. 

* For an exception see § 13. 
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The demand that .v,, "2, -°**, “n shall have such values and only 
such that 2) will hold is expressed by writing 


f (41 ¥a ° “+, tn) = (44,42, -++,4n), mod m. 3) 


Any set of integers satisfying 2) is called a solution of 3). 
The determination of all such sets, or the proof that none exists, 
is called solving the congruence 3). We call 3) a congruence of 
condition. 

|Giete hero Me ce ac Peue-o (Shaw orpg sPricauar ss 3 be two sets of m integers 
each and 


a,=6, 
1, = Bs , mod m, 4) 
On = Bn 


then by § I, v, 


f(a; Ao, +++, An) = f(A, B., es Bn), mod m, 
and p(y, os s+, Qn) = (fi, B., “+, Bn), mod m. 


Hence if @,,@2,°°:,@n be a solution of 3); B,,B2,°°*s Bn is also 
a solution. Two solutions so related are, however, looked upon 
as identical. In order that two solutions be different it is neces- 
sary and sufficient that the relations 4) shall not hold simul- 
taneously. 

It is evident from the above that in order to solve any con- 
gruence, as 3), it is sufficient to substitute for the unknowns the 
(n[m])* sets of values obtained by putting for each unknown the 
n[{m] numbers of a complete residue system, mod m, and observe 
which values of f (4, -%2,°::,;4n) so obtained are congruent to the 
corresponding values of $(4,,%,°+:;%n), mod m. 

There being only a finite number, ([m])", of possible solu- 
tions, we can by this process always completely solve any given 
congruence. 

If the congruence have the form 


f (44) -¥2)+°°; 4x) ==0, mod m, 


and a, @,*+*,;@n be a solution, then f(7,, £2, -++,4n) is said to be 
sero, mod m, for these values of 4, -¥2, +++, 4n. 
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Ex. The solutions of the congruence 
(SV 5) ay 2 mo; mod (G51 1/5); 
are easily seen to be 
*=1,y=—1, and + =—1, y=1, mod (3, 1+V—S). 


§12. Equivalent Congruences. 
Two congruences, 


fi(4 ps Voy 00+, 4n) =fe (41 Xe, °+*, ¥n), mod m, T) 
bi (11, Voy ++) Hn) Hho (4p Xa, +++, 4n), mod m, 2) 


are said to be equivalent when every solution of the first 1s a solu- 
tion of the second and every solution of the second 1s a solution 
of the first. 

All that is said in Chap. III, § 10, regarding congruences in 
R applies equally to congruences with ideal moduli in any realm 
k(Vm). 

We have two transformations which lead to equivalent con- 
gruences; first, if 1) be the given congruence and 


We Oe POR a eae gre Cc he gia ee oe ed an 0a Fa 1 2) 


be arly identical congruence, mod m, in +,,-",,--:,-"n, we can add 
3) member by member to 1), obtaining 


fC“, a ae +n) a F,(4,, ae cue 4n) i Vos ***y ¥n) 
: (ato, yt), mod mM, 
a congruence equivalent to 1). 

By means of this transformation we can transpose any term 
with its sign changed, from one member of a congruence to the 
other and can thus reduce any congruence, as 1), to an equivalent 
congruence of the form 


(de arc ro hes ce === 0, mod m, 


whose second member is 0. We shall hereafter assume the con- 
gruences with which we deal to have been reduced to this form. 
We may also by this transformation reduce the coefficients of 
f (4%, %,°++,4n) to their smallest possible absolute values, mod m, 
and thus lessen the labor of solving the congruences. In partic- 
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ular we can remove those terms whose coefficients are divisible 
by m. If m be such that a complete residue system, mod m, can 
be constructed entirely of rational integers, all coefficients of 
f(y) Vo) +++, 4’n) can be replaced by rational integers. Using then 
this residue system for substitution the work becomes greatly 
simplified, especially when we remember that n[a] divisible by 
n[m] is a sufficient as well as necessary condition that a shall be 
divisible by m, if a be a rational integer. — 


Ex. The congruence 


(4+ 3V—s)2?+(—V—5) ey +(3 +7V—5) 9° +17 +4V—5 0, 


: : mod Gf SNe V—5), 4) 
is equivalent to the congruence 


2x*+ ary + 3y°+ 5 =0, mod (7, 3+ V —5). 


This is equivalent to adding to 4) member by member the identical 
congruence 


(—2—3V—5)#4+ (3+ V—5) 49 —7V— 5y° — 12 —4V/— 5 30, 
mod (7, 3+ —5), 
—2—3V/—5, 3+V—5, —7V—5, and —12—4/—5 being all 
divisible by (7, 3+ VU —5). 
A second transformation which leads to an equivalent con- 
gruence is the multiplication of both members of the congruence 
by any integer, a, prime to the modulus; that is, the congruences 


f (44, Vo, +++; 4n) ==0, mod m, 
and af (1,4, +++, 4n) ==0, mod m, 


where @ is prime to m, are equivalent. 

Conversely, we may divide all the coefficients of a congruence 
by any integer prime to the modulus, obtaining an equivalent 
congruence 


Ex. The congruences 
(3+ 3 —5) 27+ 94 —6—15\/ —5 0, mod (3+ V/—5), 
Ca 5) a oF 2 5 5 0, mod Ga 5), 
are equivalent, since (3) is prime to (3-+./ —5). 
As a special case of the multiplication transformation, as we 
shall call the second of the above transformations, we have the 
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multiplication of the congruence by —1; that is, the change of 
sign of each of its coefficients. 


§ 13. Congruences in One Unknown with Ideal Moduli. 
The general congruence in one unknown has the form 


f(+) =ayrx" +a," + .---+a,=0, mod m, I) 


where G),4,,---,@, are algebraic integers of any realm k, m an 
ideal of this realm, and 1 a positive rational integer. 
If p be an integer of k such that 


f(p) =o, mod m, 


p is called a root of 1). 

The same analogies that existed in the rational realm in the case 
of congruences with one unknown when the modulus is a prime 
are easily seen to exist for prime ideal moduli, and their absence 
in the case of composite ideal moduli is equally marked. 

The reason is, of course, that just as in R the product of two 
integers is divisible by a prime number when and only when one 
of the integers is divisible ‘by the prime, so the product of two 
integers, that is, two principal ideals, is divisible by a prime ideal 
when and only when one of the integers (that is,.one of the prin- 
cipal ideals) is divisible by the prime ideal. Furthermore, we 
have the same difference in the case of congruences with prime 
ideal moduli between saying that all the coefficients are divisible 
by the modulus and that the congruence is satisfied by every 
value of the unknown; for example, as is easily seen from 
Fermat’s Theorem as extended to ideals, the congruence ~ 


artl— y= 0, mod p, 


where p is a prime ideal, is satisfied by every integer of the realm, 
but its coefficients are not all divisible by. p. 

Before taking up the general congruence in one unknown with 
ideal modulus, we shall consider that of the first degree. We 
give first two simple examples of congruences of higher degree. 


Bae, ice 
(StV/—5) e+ (1+V—5) 4 +84 3V—5=0, mod (3,1 +V—5), 2) 
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be the given congruence. We observe first that 
1+/—s5=0, mod (3, 1+ V—S), 
Sy —Sa-1, mod G. 14 y 95). 
8+ 3\/—s==2, mod (3, 1+ V—5), 
and hence 2) reduces to 
x?+2==0, mod (3, 1+ Y—5). 
Substituting the numbers, 0, I, 2, which constitute a complete residue 
system, mod (3, I+ .1/ —5), we have 
22 0, mod (3: I++V/—5). 
1+2=3==0, mod (3,1+V—S5). 
4432=6=-0, mod (3 E35). 
The congruence has therefore the two roots I and 2. 
Ex. 2. The congruence 
(s—6\/ —5)4' +77 -+1==0, mod (t—V/ —5), 


is equivalent to the congruence 


—ax+xe+1==0, mod (1—V —5), 3) 
since 


5 —6\/ —5==—1, mod (1—V—5), 
and 


7 aot aod es), 
Substituting the numbers 0, I, 2, 3, 4, 5, of a complete residue system, 
mod (1—/ —5), in 3), we see that the congruence has no roots. 
§ 14. The General Congruence of First Degree with One Un- 
known. | 
That there is always one and only one integer, é, of a complete 
residue system, mod m, that satisfies the congruence 


are, mode I) 


where a and B are integers, m any ideal and a prime to m, is evi- 
dent; for, if € run through a complete residue system, mod m, 
then one and only one of the resulting products, ag, is con- 
gruent to 8, mod m (Th. 17). Hence 1) has one and only one 
root, &:. We proceed now with the discussion of the general con- 
gruence of the form 1), removing the restriction a prime to m. 
A necessary condition that the congruence shall have'a solution 
is evidently, from (§ I, ix), that B shall be divisible by the 
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greatest common divisor, ), of a and m. We shall see that this 
condition is, as in the corresponding cases in R and k(1), also 
sufficient, and that, if it be satisfied, the congruence has exactly 
n[D] roots, incongruent, mod m. 
To show this, let 
= TD, 


and take as a complete residue system, mod m, the n[m,]z[b], 


—=n[m], integers 
P12 --.,n[Dd] 
por + ps 2) 
Jem tie; ---,n[m,] 
where p is a number of m, such that (p)/m,is prime to d, and 


5, §,, Lee, Sno, Py» Pe, "tty Pn[ mJy 


are complete residue systems with respect to the moduli D and m, 
respectively. 

We shall show that, if (8) be divisible by the greatest common 
divisor of (a) and m, exactly n[b] of the numbers 2) satisfy 1). 

Let pd: + pi be one of the integers 2). 

Since dp is divisible by m, we have by substitution in 1), as 
the necessary and sufficient condition that p&; + pi shall satisfy 1), 


AQpi==B, mod m. 
But since (a)/D is prime to m, the numbers 


eo ce 3) 
are all and only those numbers of a complete residue system, mod 
m, which are divisible by D (Th. 2). 

But 1s divisible by D. Hence there is one and only one of the 
integers 3) to which 8 is congruent, mod m. 

Let this integer be api. 

It is evident that of the integers 2) 


ps, + pis pd» a Be i Pea ponte) + pis 
satisfy the congruence 1), and are the only ones that do so. 


They are, moreover, 2[D] in number. Hence the congruence 1) 
has exactly n[D] roots that are incongruent, mod m. 
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In particular, when D= (1), that is, when a@ is prime to m, 
the congruence has, as we have already seen, one and only one 
root, all other integers satisfying it being congruent to this single 
one, mod m. In this case by means of Fermat’s Theorem for 
ideals, we can find, as in the analogous case in the rational realm, 
a general expression for the root of the congruence 


av ==B,mod m, 4) 


where a is prime to m, and m is any ideal. 
Since a is prime to m, we have 
at ==1, mod m, 
and hence 
Bate) == B, mod m, 
or aBatr™—! == 8B, mod m. 


Hence Bat‘! is the root of the congruence 4). 

The most obvious method of solving any given congruence, and 
one always applicable, is to substitute in turn the numbers of a 
complete residue system with respect to the modulus, thus deter- 
mining all the roots, if any exist, or proving the non-existence of 
a root. This is usually the easiest method when the norm of 
the modulus, m, is small, and especially when the numbers 
I,---,2[m]—¥1 constitute a complete residue system, mod m. 

This method has already been used in §13, Exs. 1 and 2. We shall 
further illustrate it and also the method depending on Fermat’s Theorem 
on the congruence 

54 == 1+ V/—5, mod (7, 3+V—S), 5) 
The numbers 0, I, 2, 3, 4, 5, 6 constitute a complete residue system, mod 
(7,3 +~V —5S), substituting them in turn, we have 


4 


o—(i1tV—5) =—I1—V—5=~0 6) 
5—(i+V—5)=4—-V—5=0 7) 
1i— (1 +VY—5)=9—V—S=E0 8) 
I5—(1+VY—5) =14—V—5=e0 ¢, mod(7,3+V—S), 9) 
20— (1+ V/V —5) = 19—V —5=E0 10) 
25— (1 / — 5) = 24— VV — 5 aE 0 11) 
go— Cit — 5). =29o—-V = sebo | 12) 


378 CONGRUENCES WHOSE MODULI ARE IDEALS. 


all of which results, except 7) and 12), follow at once from the fact 
that »[—1—+/ —5], =6, nlo— / — 5], — 8, 2[14—vV/ —5], = 201, 
n[1go—r1/—5], = 366, and n[2ga—./ —5], —846, are none of them 
divisible by n(7, 3+./—5), =7, and hence none of the numbers, 
—1I—V/—5, 9—-V—5, 4—V—5, 19 —-V—5, and 29—/—5 can 
be divisible by (7, 3 +V/ —5). 

To obtain 7), we observe that n[4—./ —5], =21, is divisible by 
n(7, 3++/—5), and therefore 4—.1/—5 may be divisible by 
(7, 3+~—V—5). This is seen to be the case since 


Fee 
Hence I is a root of 5). 

To obtain 11), we proceed exactly as with 7) and find that the condition 
n[24—./ —5] divisible by (7, 3-+./ —5), which is necessary in order 
that 24 — \/ — 5 shall be divisible by (7, 3 +./ —5), is satisfied, but that 
the equation 


ge (Se oN et NS 
gives as values for # and y 
ae 
pe 
These not being both integral, 24 — \/ — 5 is not divisible by (7, 3+./—5). 
This last result could have been obtained also by showing that 
3 NN) = 5; 2A 5) A). 

This method is, in general, if a be any integer and b, = (8,, B,), any 
ideal, to show that a is not divisible by 6, it is sufficient to show that 
the ideal (8,, 8., a) contains a rational integer smaller than any in b. 

If we had noticed originally that, since 5=—(./—5)?, and (7, 3+./—3) 
is prime to \/ —5, the congruence has one and only one root, the work, 
after finding that I was a root, would have been unnecessary. It was 
given in full to illustrate this most primitive but fundamental method of 
solution, which is entirely independent of the above discussion. 

We shall illustrate now upon the same congruence the method de- 
pendent upon Fermat’s Theorem. 

Since § is prime to (7, 3+ ./ —5), and (7, 3+./ —5) —6, we see 
that (1 + ./ —5)5° is the root of 5). To show that 


(1+ V —5)5°==1, mod (7, 3+V—5), 


we observe that 


1-+/ —5==—2, mod (7, 3+ —5), 
5=— 2, mod we 3+V—5), 


x y=— 1. 


’ 


and 


and hence 


(1+ V —5)5° == (—2)(—2)* == 64=-1, mod (7, 3+\/—s). 
The solution of a congruence of the form 1) where a is not prime to m 
is perhaps most conveniently accomplished by means of the method sug- 
gested by the general discussion of this case. We shall illustrate this 
by two examples. 
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Exe 2 ue 
2x ==7, mod (1+ VY —S). 

The greatest common divisor of (2) and (1+ ./—5) is seen to be 
(2, 1+./—5S), that does not divide (7). Hence the congruence has 
no root. 

|e I ie 

24 ==2I1—v/—5, mod (1+ —5). 13) 
Since (1 —.\/ —5) is divisible by (2, 1 +./ —5), the greatest common 
divisor of (2) and (1-+./—5), the congruence has (2, 1 +\/—5), =2, 
roots. 

We have 

aes ee 
Sieh ee eee | 
(2, I a V—5) 

Taking as a complete residue system, mod (3, 1 +./ —5), the num- 

bers 0, I, 2, and substituting these numbers in 13), we have 


o—(1— ¥—5) =— 14 V—5 #0 
2—(1— V¥—5) =14+ V—5 =o , mod (1 4+- V¥—5). 
4—(t— V¥—5)=3+ V—5 #0 

We have therefore, in the notation of the general discussion, 


ui = 1, mod (1+ V¥—S5). 


Since 


(3) ae Oh ee 
= 


is prime to (1 + \/ —5), we may take p = 3, and since 0, I constitutes a 
complete residue system, mod (2, 1-+./ —5), we have as the two roots 
Of; 13) 

3-0+1=1, and 3-1+1=>4. 


The reader may verify these results, as found in examples 2 and 3, by 
direct substitution of the numbers of a complete residue system, mod 
(I-+V—5). 

These two congruences (Exs. 2 and 3) will serve as instructive ex- 
amples of the dependence of the entire theory of algebraic numbers upon 
the unique factorization theorem, and the necessity for the introduction 
of the ideal. 

In Ex. 2, 2 and 1+ ./—5, considered merely as integers of k(\/ —5), 
are prime to each other, and, were it not for the failure of the unique 
factorization theorem in k(\/—5), we should expect the congruence 
therefore to have a single root in accordance with the results obtained 
in R and k(t). Substituting the numbers of a complete residue system, 
mod 1+ .\/ —5, we find that it has no root. 

Likewise in Ex. 3, considering the numbers involved merely as integers 
of k(\/—5), we should expect the congruence to have a single root. 
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Substituting the numbers of a complete residue system, mod 1+ ./ —5, 
we find that it has two roots. The reason for these discrepancies is made 
plain when we resolve 2, 7, I—.\/—5, I-+./—5, into their prime 
ideal factors. 


§ 15. Divisibility of one Polynomial by another with re- 
spect to a Prime Ideal Modulus. Common Divisors. Common 
Multiples. 

If p be any prime ideal of a realm k, we have the following 
definition : 

A polynomial, f(x), is said to be divisible with respect to the 
modulus p by a polynomial o(x), when there exists a polynomial 
Q(x) such that 

f (+) =Q(+)¢(4), mod p. 

We say that ¢(.r) and Q(x) are divisors or factors, mod p, of 
f(x), and that f(7) is a multiple, mod p, of d(x) and Q(x). 
The sum of the degrees of the factors of f(%) is evidently equal 
to the degree of f(+). | 


The coefficients of f(r%), $(%) and Q(4*) are understood to be in- 
tegers of R. 


Ex. It is easily seen that 
44+-3V—5s)#—#4 24 JV —574 (1 +V—s)a +2 
== (VY 597+ (1+ — 5) #+2) ((3-+2./— 5) 4°11), mod (7, 3-+4+7/—5). 
Hence 
V—5P4+ (1+V—5)e+2 and (3+2V—5)e4+1 
are divisors, mod (7, 3+ \/ —5), of 
(4+3V—5) Pet P+ Vee + EV Se tz. 
We have the same consequences of this definition and the same 


definitions of common divisor and common multiple for prime 
ideal moduli as for rational prime numbers (Chap. III, § 15). 


§16. Unit and Associated Polynomials with respect to a 
Prime Ideal Modulus. Primary Polynomials. 

We see as in the rational realm that the integers of the realm, 
not divisible by p, divide every polynomial with respect to the 


CONGRUENCES WHOSE MODULI ARE IDEALS. 381 


modulus p, since they divide 1, mod p, and that these are the only 
polynomials having this property. 

We call therefore the integers of k, which are not divisible by 
p, the unit polynomials, mod }p, or briefly the units, mod p. 

Since two polynomials that are congruent, mod p, are consid- 
ered as identical, we can take as the units, mod p, the integers of | 
any reduced residue system, mod p. 

Two polynomials which differ only by a unit factor, mod p, are 
called associated polynomials and are looked upon as identical in 
all questions of divisibility, mod p. 

Two polynomials that are associated with a third polynomial, 
mod p, are associated with each other, mod p. 

Two polynomials that are associated, mod p, are evidently of 
the same degree and each is a divisor, mod p, of the other. 

Conversely, if two polynomials be each divisible, mod p, by 
the other, they are associated, mod p. 

Two polynomials that have no common factor, mod p, other 
than the umts, are said to be prime to each other, mod p. 

Any polynomial, f(7), has n(p)—1 associates, mod p. Of 
these, one and only one has the coefficient of its highest degree 1. 
This one is called the primary associate, mod p of f(x). For 
example, the six polynomials 


“4+ 27r—3, 27°+4r—6, 34°+ 64 —2, 
47+ xr—5, 548+3r—1, 623+ 54 —4, 


are associated, mod 7, and +#* + 2% — 3 is the primary one. 


§17. Prime Polynomials with respect to a Prime Ideal 
Modulus. Determination of the Prime Polynomials, mod p, of 
any Given Degree. 

A polynomial that is not a unit, mod p, and that has no divisors, 
mod p, other than its associates and the units, is called a prime 
polynomial, mod p. If it has divisors, mod p, other than these 
it is said to be composite, mod p. 

We can determine the primary prime polynomials, mod p, of 
any given degree, 1, by the process employed in the same case in 
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the rational realm; that is, write down all primary polynomials, 
mod p, of degree 1; then, having determined by multiplying 
together the primary polynomials, mod p, of degree less than n, 
all composite primary polynomials, mod p, of degree n, we strike 
them from the list of all primary polynomials, mod p, of degree 1. 
Those left are evidently the primary polynomials, mod p, of 
degree n. 


§ 18. Division of one Polynomial by another with respect 
to a Prime Ideal Modulus. 


THEOREM 19. Jf f(1) be any polynomial and $(x) be any 
polynomial not identically congruent to 0, mod p, there exists a 
polynomial Q(x), such that the polynomial 


f(x) —O(+)o(*) =R(x), mod p, 
1s of lower degree than $(x). 

The operation of determining the polynomials Q(+) and R(x) 
is called dividing f(.r) by (4), mod p. We call Q(x) the quo- 
tient and R(+) the remainder. The proof of this theorem is pre- 
cisely the same as that for the corresponding one in the rational 
realm. 

The conception of the congruence of two polynomials with 
respect to a double modulus is the same for a prime ideal as for 
a rational prime number. 


$19. Unique Factorization Theorem for Polynomials with 
respect to a Prime Ideal Modulus. 

We shall now show that, just as a polynomial whose coefficients 
are rational integers can be resolved in one and but one way into 
prime factors with respect to a rational prime modulus, so a 
polynomial, whose coefficients are integers of any given quadratic? 
realm, can be resolved in one and but one way into prime factors 
with respect to a prime ideal modulus. The proof will be seen 
to be identical with that employed for rational numbers. We 
begin by stating the following theorem, whose truth is evident. 


*This holds for realms of any degree. 
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Tueorem 20. If f(r) =Q(+)o(4)+R(+), mod p, every 
polynomial that divides, mod p, both f(x) and $(x) divides both 
d(x) and R(x) and vice versa; that is, the common divisors, 
mod p, of f(x) and $(«) are identical with the common divisors, 
mod p, of d(x) and R(x). 

TueoreM 21. If f,(x), fo(%) be any two polynomials and 
pb a prime ideal, there exists a common divisor D(x), mod ), of 
fi(*), fo(x), such that D(x) is divisible, mod p, by every com- 
mon divisor, mod p, of f,(1), fo(¥), and there exist two poly- 
nomials, $,(X#), $o(x), such that 


fi (4) b1(4) + f2(+)b2(+) == D(*), mod p. 
We may evidently assume f,(*) of degree not higher than 


f,(v). Dividing f,(7) by f.(*), mod p, we can find two poly- 
nomials, Q,(*), fs(#), such that | 


f,(+) =Q,(*+)f.(+) +f2(%), mod p, 


f,;(x) being of lower degree than f,(7). 
Dividing f,(.) by f,(+), mod p, we have 


fo(*) =Q.(+)fs(+) + f4(7), mod p, 


where f,(7) is of lower degree than f,(), and similarly 
fs(+) == Q;(+)f.(+) ris fs(+) 


eee (x) Ons Gye (2) a a Ca) , mod p, 
fn (+) Ons (+) fn Cy) 


a chain of identical congruences in which we must after a finite 
number of steps reach one in which the remainder, fn,, (2), is 0, 
mod p, since the degrees of that remainder continually decrease. 

By Th. 20 the common divisors, mod p, of fn(.r) and frn_, (7) 
are identical with those of f,_,(*) and f,_,(+), those of f,_,(7), 
fn(v) with those of f,_,(7), fa_3(%), and finally those of f,(*+), 
J.C) with those of 7.07), 7,( 4). 

But fn(#) is a common divisor, mod p, of fx(x) and fr_,(+) 
and is evidently divisible by every common divisor of fu(£) 
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and f,,(+)1.  Plence j,,(4 ) 1s the desired common divisor, (2. 
inod p, of 7,(4) and 7, (+t ). : 

If now we substitute the value of f,(7) in terms of f,(*), 
f.(«), obtained from the first of these congruences, in the second 
and the values of 7,(4) and {,.{4) 11 terms of 7,(1), 7,14) im 
the third and continue this process until the congruence 


fno(¥) = Qno(*)fna(*) + fa(x), mod p, 


is reached, we shall obtain a congruence, 


fi(+)o.(4) + f.(1) 62(1) =D (4+), mod p, 
where ¢,(%), ¢.(4) are polynomials. 
Cor. Jf f,(~), f.(4%) be two polynomials prime to each other, 
mod ), there exist two polynomials, $,(*), do(*), such that 


fi(*)oi(4) + f2(4) 62(4) 1, mod p. 


In this case D(x) is an integer, a, not divisible by p, and we have 


fi(4)®,(4) + fo(4)®,(1) Sa, mod f, 


whence, multiplying by the reciprocal of a, mod p, we obtain 


fi(4)b1(4%) + fo(4) b2(4) =I, mod p. 
THEOREM 22. If the product of two polynomials, f,(*),f.(*), 
be divisible, mod p, by a prime polynomial, P(x), at least one of 
the polynomials f,(x), f(x”) is divisible, mod p, by P(x). 


Let fi (4) f.(4) =Q(+)P(+), mod p, 1) 
where Q(.7) is a polynomial, and assume f,(.) not divisible, mod 
p, by P(x). 


Then f,(*) and P(.2) are prime, mod p, to each other and by 
Th. 21, Cor. there exist two polynomials, ¢,("), ¢.(”), such that 


fi(+)¢i(4) + P(+)¢2.(+) =I, mod p. 2) 
Multiplying 2) by f,(”) and making use of 1), we have 
P(x) [Q(4)oi(4) + fo(1)o2.(4)] =f.(+), mod f, 


where O(+)¢,(1) + fo(4)¢.(4) is a polynomial. Hence f,(’) 
is divisible, mod p, by P(+). 
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Cor. 1. If the product of any number of polynomials be divis- 
ible, mod p, by a prime polynonual, P(«), at least one of the 
polynomials is divisible, mod p, by P(x). 

Cor. 2. If neither of two polynomials be divisible, mod p, by 
a prime polynomial, P(x), their product is not divisible, mod p, 
by Ey). 


THEOREM 23. A polynomial, f(x), can be resolved, mod p, 11 
one and but one way into a product of prime polynomials, mod p. 

The proof of this theorem is identical with the corresponding 
one in the rational realm. 

We can now evidently write any polynomial, f(#), in the form 


f (+) Sa(P, (7) )*(P2(4))%--+ (Pala) ), mod pf, 


where P,(«), P.(x), ---, Pn(«) are the unassociated prime fac- 
tors, mod p, of f(-r). 

Et we take P. (7), P.(2); ---, Pal?) primary, the resolution ts 
absolutely unique. 

The representations of the greatest common divisor and least 
common multiple, mod p, of two polynomials are identical with 
those in the rational realm. 

The resolution of any polynomial into its prime factors, mod 
p, may be effected by the method employed in the case of rational 
numbers. 


§ 20. The General Congruence of the nth Degree in One Un- 
known and with Prime Ideal Modulus. 


THEOREM 24. If p be a root of the congruence 
f(+) =a" +a,r"t + --- +a, =0, mod p, c 
f(+) is divisible, mod p, by +—p, and conversely, if f(x) be 
divisible, mod p, by + —p, p ts a root of 1). 
Dividing, mod p, f(4#) by + —p, we have 
f (+) = (x—p)o(4+) + F(p), mod p, 


whence, since p is a root of 1), 


f(*) = (*+—p)¢(4r), mod p; 
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that is, f(#) is divisible, mod p, by +—p. The converse is 
evident. 

If f(x) be prime, mod p, the congruence 1) evidently has no 
roots. The converse is, however, not true; that is, f(+) may be 
composite, mod p, but 1) have no roots, for the prime factors 
of f(*), mod p, may all be of higher degree than the first. 

This theorem gives us another method for determining the 
factors, mod }p, of the first degree of any polynomial in +. Some 
of these factors may be alike and we are led therefore to say 
that p is a multiple root of order e of 1), if f(7) be divisible, mod 
p, by (v—p)? but not by (+—p)*?. 

If, therefore, p,,p2,---,pm be the incongruent roots of 1) of 
orders €,,€,,---,@m respectively, we have 


f(*) = (4 —p,)%(4+—p,)® os i pa)" 7 (2), mod p, 


where f,(*7) is a polynomial having no linear factors, mod p, and 
whose degree s is such that 


yt eo+--- fem + S=nN, 


where 7 is the degree of f(4). 

Counting a multiple root of order e as e roots, we see that 1) 
has exactly as many roots as f(*) has linear factors, mod p, and 
have the following important theorem: 

THEOREM 25. The number of roots of the congruence 


f(+) =aye" + a," +... +a,=0, mod p, 


where pis a prime ideal, is not greater than its degree. 

Cor. 1. If the number of incongruent roots of a congruence 
with prime ideal modulus be greater than tts degree, the con- 
gruence 1s an identical one. 

Cor. 2. If the congruence 


{(+) =o, mod p, 2) 


have exactly as many roots as its degree, and (x) be a divisor, 
mod p, of f(«), then the congruence 


$(+) =0, mod p, 
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has exactly as many roots as its degree; for 


f(x) =4(r)Q(x), mod », 


where Q(x) is a polynomial in +, and every root of the con- 
gruence 2) is a root of either the congruence 


$(*) =0, mod p, 3) 
or of the congruence 
O(%) =0, mod p. 4) 


Moreover, the sum of the degrees of 3) and 4) is equal to the 
degree of 2). 

If, therefore, (+) had fewer roots than its degree, then Q(*+) 
must have more roots than its degree, which is impossible. 

Hence the corollary. 


§21. The Congruence x?) — 1=o0, mod m. 

Although in the case of congruences of degree higher than the 
first the theorem just given tells all that we can in general say 
regarding the number of the roots, still there is, as in the rational 
realm, one important case in which the number of roots is always 
exactly equal to the degree of the congruence. 


THEOREM 26. The congruence 


xo == 1, mod m, 1) 
has exactly @(m) roots. 

The ¢(m) integers of a reduced residue system, mod m, evi- 
dently satisfy 1). Moreover, since by §1, ix two integers con- 
gruent, mod m, have with m the same greatest common divisor 
and the greatest common divisor of (1) and m is (1), every root 
of 1) must have with m the greatest common divisor (1) ; that is, 
be prime to m. Hence the number of roots of 1) is exactly equal 
to @(m), its degree. | 

Ex. 1. The congruence 

xoA+v—5) = 1, mod (1+ 7/—5), 


or x#°==1,mod (1+V—5), 
has two roots, 1 and 5, 
Likewise the congruence 


xo 8+ V5) oe, mod (7, 3-+ Y—5)s 
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or #*==1, mod (7,3+VW—5S), 
olds Six Focts, 1.2, 4, 4, =" 6. 
Ex. 2. Consider the congruence 
x (2V —5, —5+ y—5) =I, mod (277-5, ee 175). 2) 
Since oe ee a 
CAN a eV 5) =") Gr 
we have 
o(2/ —5, —5+V—5) = o(V—5)4(2, 1 +V—5)=4-1=4. 
Substituting therefore in the congruence 
be I, mod (2 —5, ee i a V—5), 


te numbers 0, 1, 2,3,/4,/5, 6, 3, 8 9, which form a complete residue system, 
mod (2\/ —5, —5+./—5), we see that the numbers Loy 702 which 
form a reduced residue system, mod (2\/—s, —5+/—5), are the 
only ones which satisfy the congruence. 


Cor. If d be a positive divisor of o(p), the congruence 
4x4 — I ==0, mod pf, 


where pis a prime ideal, has exactly d roots. 

This follows at once from Th. 25. COP? Since 49 -— 7) is’ 4 
divisor, mod p, of +¢@)— 1, 

The congruence 2”!?] — 4==0, mod p, having the 2[p] roots 
Pi P2> ***sP,,y) qual in number to its degree, we have the identical 
congruence 


ont) — 4 == (1 —p,)(#—py) --- (4¥—p,,,,), mod p. 
For example 
x — x ==4(%—1)(%—2)(1x—3)(x—4)(x—5) (x6), 
et A ian eee y 


§ 22. The Analogue for Ideals of Wilson’s Theorem. 


The result just obtained gives us a proof of the following 
theorem: 


THEOREM 27. .If p be a prime ideal and Ps Por °°» Pop) 4 
reduced residue system, mod b, then 


PiP2 *** Poop) + 1 ==0, mod p. 
Since the congruence 


xe) 1 ==0, mod b, 
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has exactly #(p) roots, py, ps, --+s Py» We have by § 21 


vO) — 1 == (v— p,) (4 —pe) +++ (¥— py), mod P. 


Putting + ==0, we have 
cere =(— p,) (— p>) ae, (—Pycy)> mod p, 
whence, since #(p) is even, except when n[p] = 2, 


Ritea Paine 1==0, mod p, 


which evidently holds also when 2[p] = 2. 


Ba Let p— (7, 3-1-7 — 5) then 1) 2, 3, 45 5.015 2 ceduced residue 
system, mod (7, 3+ V —5), and we have 


1-2-3-4-5-6+1=721==0, mod (7, 3+V—5): 


§ 23. Common Rocts of Two Congruences. 
The common roots of two congruences 


f,(*) =o, mod p, and f,(.) =0, mod p, 
are evidently the roots of the congruence 
o(1) =0, mod pb, 


where $(%) is the greatest common divisor, mod p, of f,(+) 
andey. (4): 
Since the congruence 


vrlt] — y+ ==0, mod p, 


has for its roots the numbers of a complete residue system, mod 
p, the incongruent roots of any congruence 


f (+) =0, mod p, 
will be the roots of the congruence 
g(x) =0, mod p, 


where ¢(.°) is the greatest common divisor, mod p, of v"™1— 7 
ance (ae). 

This gives us another method of determining all the incon- 
gruent roots of any given congruence with prime modulus. 
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§ 24. Determination of the Multiple Roots of a Congruence | 
with Prime Ideal Modulus. 
The multiple roots of the congruence 


f(x) =o, mod p, i 


may be determined just as in the case of rational integers. Let 
P(x) be a prime polynomial, mod p, and let f(4) be divisible, mod 
Dey (2)? bet not by |e Gr). then 


f(x) = [P(+)]*¢(+), mod pf, 


or, what is the same thing, 


Ft) (A be) ee), 2) 


where F(x) and (17) are polynomials in +, with coefficients 
which are integers of the realm k, to which p and the coefficients 
of f(x) belong, and F(x) is identically 0, mod p. 

Differentiating 2), we have 


f (4) = [P(+) |e [eP' (4) o(4) + P (4) ¢'(4)] + F' (4), 


where P’(x), ¢’(x) and F’(x) are polynomials in x with coeffi- 
cients which are integers of k, and F’(.r) is identically 0, mod p, 
for all coefficients of F(.) being divisible by p, all coefficients of 
F(a )are divisible by p. Hence 


f’ (+) =[P(+)]*"¢,(4), mod p, 
where ¢,() is a polynomial in +, with coefficients which are 
integers of k, and is, moreover, not divisible, mod p, by P(#), for 


$, (x) =eP"(x)$(4) + P(x) o"(2), 


where P’(x) is of lower degree than P(x) and $¢(*) is prime, 
mod p, to P(«). Therefore f’(12) is divisible, mod p, by the 
prime factor P(.7) exactly once less often than f(*). | 

In particular, if f(r) be divisible, mod p, by (1 —p)¢ but not 
by («1 —p)*?, then f’() is divisible, mod p, by (*—p)¢@ but 
not by (1—p)*® | 

Hence the theorem: 
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THEOREM 28. If the congruence 
f(«) =0, mod p, 
have a multiple root, p, of order e, the congruence 
f' (+) =o, mod pf, 


has the multiple root p of order e—TI. 
If the greatest common divisor, mod p, of f(*) and f’(.r) be 
(+), then the roots of the congruence 


d(x) =0, mod p, es, 


_if it have any, will be the multiple roots of 1) and each root of 3) 
will occur once oftener as a root of 1) than as a root of 3). 

It may happen, of course, that f(4) and f’(+) have a common 
divisor, (4%), mod p, and yet 1) has no multiple roots. In this 
case the repeated prime factors, mod p, of f(#) are of degree 
higher than the first, and ¢(.), therefore, contains no factor of 
the first degree, mod p. 


§ 25. Solution of Congruences in One Unknown and with 
Composite Modulus. 
The solution of a congruence of the form 


f(+) =a x" + a,4"-1 + --- + an==0, mod m, 2) 
where 1: Me, 
m,, M,, -::, mz being ideals prime each to each, can be reduced to 


the solution of the series of ¢ congruences 


f(«) =0, mod m,, 
f(+) at mod Ma, 2) 


f(x) =0, mod m. 


Every root of 1) is evidently a root of each of the congruences 
2), and conversely any integer, p, of the realm which is simul- 
taneously a root of each of the congruences 2) is a root of 1), 
for if the integer f(p) be divisible by each of the ideals m,, m,, 

--, m+, which are prime each to each, it is divisible by their 
product. 
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If therefore a,,4,,---,a: be roots of the congruences 2) and 
p be chosen so that 
p=2,, mod m,, 


p==4., mod m,, ' 3) 


p= at, mod Mz, J 
then p is a root of I). 

Since Al, tits, +) Me ate. prime €ach to. each, it: is: by. Th..-f0 
always possible to find p so as to satisfy the conditions 3). 

Let 8,,8.,-*-,8+ be auxiliary mtegers selected as in Th. 10; 
then 

p= 4,8, + 4.8. +--+ 4:81, mod m, 4) 
is a root of 1), and, if the congruences 2) have respectively 
l,,1,,-++,d¢ incongruent roots, then by Th. 10 1) has J,/,--- i; in- 
congruent roots, which are obtained by putting for a,,a,,---, a 
in 4) respectively the /,,/,,---, J; roots of the congruences 2). In 
particular, if any one of the congruences 2) have no root, then 
I) has no root. 

We may now suppose m= p,%p,¢2--- per, where the p’s are different 
prime ideals, and show, as in the corresponding case in R (p. 96), that the 
solution of the congruence f(1*) ==0, mod p®, can be made to depend 
upon that of f(r) ==0, mod p¢', and hence eventually upon that of 


f (+) ==0, mod », the same method being applicable with slight modifi- 
cations. 


§ 26. Residues of Powers for Ideal Moduli. 
iG ixe be prime to the ideal m, and 


B=a't, mod m, 


where t is a@ positive rational integer, B is ‘said to be a power 
residue of a with respect to the modulus m. 
For example, since 


—2V—5=(1+V—5)%, mod (7, 3+-V—5), 
we say that — 2\/—5 is a power residue of 1 +V/— 5, mod 
(7,3 +V—5). Two power residues of a which are congruent, 
mod m, to each other and hence to the same power of a, are 


looked upon as the same. 
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A system of integers such that every power residue, mod m, 
of a is congruent, mod m, to one and only one integer of the 
system is called a complete system of power residues of a, mod 
m. These integers may evidently be selected from among the 
integers of any reduced residue system, mod m. The following 
table gives the power residues of all numbers of a reduced residue 
system, mod (7,3 ++1/— 5), the system taken being 1, 2, 3, 4, 5, 6. 


m= (1, 3+V—5) 


Goer eer psc. eer hla ge 


Qa a a Q 


a 
uf 


ee 6 Ripe 
alae) 4] 2) 0 
tf sia! 6] 2| 3/2 
1/6} 3/6) 1] 6) 4 


We ask now what is the smallest value, ¢,, of t, greater than 0, 
for which 


at==1, mod m. 


That such a value of ¢ always exists and is equal to or less than 
@(m) is evident from Th. 10 by which we have, since @ is 
prime to m, 

ae ==1, mod m. 


Giving to t, the above meaning, we say that the integer a apper- 
tains to the exponent t, with respect to the modulus m. 

We see, by consulting the above table, that 3 and 5 appertain 
to the exponent 6; that is, 6(m), mod (7, 3 +V—s5), that 2 and 
4 appertain to the exponent 3, mod (7, 3+/—5), and that 6 
appertains to the exponent 2, mod (7, 3 +VW—S). 

It is evident that, if a==8, mod m, then a and B appertain to 
the same exponent, mod m. Hence to find the exponents to 
which all integers appertain, mod m, it is only necessary to ex- 
amine the numbers of a reduced residue system, mod m. 
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THEOREM 29. If the integer a appertain to the exponent 
z,, mod m, then the t, powers of a, 


14,07, Kor, a. 1. 
are incongruent each to each, mod m. 
Let a*, a’*" be any two of the numbers 1). 


If astr ==q*, mod m, 2) 
then, since a is prime to m, 

a" ==1, mod m. 3) 

But r is less than ¢t, and 3) is therefore impossible, since a 


appertains to f,. 
Hence 2) is impossible. 


THEOREM 30. Jf a appertain to the exponent t,, mod m, any 
two powers of a with positive exponents are congruent or incon- 
gruent, modsm, according as their exponents are congruent or 
imcongruent, mod t,. 

Let a*,a% be any two powers of a, S,, 5, being positive rational 
integers, and let 

So Git, +, So=Aotat Te; 
where q,, g2 are positive rational integers and 


Sai — bh, 02%) = ta, = 4) 
G3 qgntatn — gate mod m, 5) 
then a't=a72, mod m, 6) 


and hence, since a is prime to m, 
arits==1, mod m. 
But from 4) we have o<7r,—r, < ta, whence, since a@ apper- 
tains to ¢,, mod m, 
aca Oe 7 
Therefore $,=5,, mod ta, 8) 
is a necessary condition that we shall have 
a%==q*e, mod m. 9) 
Moreover, from 8) follow in turn 7), 6) and 5). Hence 8) is 


also a sufficient condition for the existence of 9). 
We have therefore 
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ao sate satis =---] 
a —— oes == oa al poe . | mod m : 
qtenl a= q2te-1 == 93te-1 — o.= 


that is, the same law of periodicity holds for power residues with 
respect to ideal moduli as in the case of rational integers. 

This can be verified by an examination of the table (p. 393), 
where we see, for example, that 2 appertains to the exponent 3, 
mod (7, 3-+/—5), and that 


2° == 2° == 2° =... 


and 


 —7. — a — mod 3- 


THEOREM 31. The exponent, t,, to which an integer, a, apper- 
tains with respect to the modulus m, is always a divisor of ¢(m). 


Since hese is Eo Sy aValghtr 


we have by Th. 30 $(m) =0, mod ty. 


THEOREM 32. If two integers, a,, G2, appertain, mod m, to two 
exponents, t,, t,, which are prime to each other, then their 
product, a,a,, appertains, mod m, to the exponent, t,t,. 


Let a,a, appertain to the exponent ¢, then 


(a,a,)*==1, mod m. 10) 


Raising both members of 10) to the t,th power, we have 
a,2'a,4¢=1, mod m. 

But a,o¢==1, mod m, 

and hence a,%!==1, mod m. 


Therefore, since a, appertains to the exponent ¢,, mod m, t,t 
must be a multiple of ¢,, whence, since ¢,, t, are prime to each 
other, it follows that ¢t is a multiple of f.. 
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In like manner we can show that ¢ is a multiple of #,. 

Therefore, ¢ being a multiple of both ¢, and ¢,, is a multiple of 
their product, ¢,t,. 

Hence the smallest possible value of t for which 1) holds is #¢,¢,. 

Therefore, 4,4, appertains to the exponent #,t,, mod m. 

Ex. We see from the table (p. 393) that 2 and 6 appertain, mod (7, 
3+ V —5), respectively to the exponents 3 and 2, and that their product, 
12; == 5, mod (7, 3+~V—5), appertains to the exponent 6, mod (7, 
Sor os 

Limiting ourselves now to the case in which the modulus is a 
prime ideal p, we ask whether there are integers appertaining to 
every positive divisor of #(p), and, if so, how many? 

An examination of the table will show us how matters stand 
when p= (7, 3 +V—5). 

We have (7, 3 +V—5) =6, and the positive divisors of 6 
ated. 2, 3 and © 

To I appertains the single integer I. 

To 2 appertains the single integer 6. 

To 3 appertain two integers, 2 and 4. 

To 6 appertain two integers, 3 and 5. 


THEOREM 33. To every positive divisor, t, of o(p) there 
appertain $(t) integers with respect to the modulus p. 

Assume that to every positive divisor, t, of d(p) there apper- 
tains at least one integer, a. We shall show that, if this assump- 
tion be true, there appertain to ¢ @(t) integers; that is, to every 
positive divisor, ¢, of d(p) there appertains either @(t)? integers 
or no integer. 

Let y(t) denote the number of integers appertaining to ft. 
Each of the integers 

a mens alo Re ia ao ra IT) 
is a root of the congruence 
é*==1, mod p; I2) 
for, if a2” be any one of these integers, then 
(a")*== (at)"==1, mod p, 


1We consider ¢ simply as a rational integer, and ¢(t) is to be understood 
in this sense. 
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since at==1, mod p. 

The integers 11) are, moreover, incongruent each to each, mod 
p (Th. 29), and being ¢ in number, are, therefore, all the roots of 
12), since 12) cannot have more than ¢ incongruent roots (Th. 
25, Cor. 2). But every integer appertaining to ¢ must evidently 
be a root of 12) and we need look, therefore, only among the 
integers 11) to find all the integers belonging to tf. 

Let a” be as before any one of the integers 11). 

If a” appertain to ¢ we must have a’,a*",---,a‘ Yr all incon- 
gruent to I, mod p. 

By Th. 30 the necessary and sufficient condition for this is 

ir==0, mod f¢, 13) 
where 7 runs through the values I, 2, ---, ¢—TI. 

It is easily seen that the necessary and sufficient condition that 
13) shall hold is that r shall be prime to ¢. Hence the necessary 
and sufficient condition that any one a” of the integers 11) shall 
appertain to t is that its exponent r shall be prime to t. 

This condition is fulfilled by ¢(t) of the integers 11), and we 
have proved therefore that 

w(t) either ¢(t) oro. 

We shall now prove that the latter case can never occur. 

We separate the ¢(p) integers of a reduced residue system, 
mod p, into classes according to the divisor of #(p) to which 
they appertain; that is, if ¢,,¢,,---,t, be the positive divisors of 
¢(p) we put in one class the y(t,) integers of the above system 
that appertain to ¢,, in another class the ¥(t,) integers that apper- 
tain to ¢,, etc. It is evident that no integer can belong to two 
different classes and that every integer of this system must belong 
to some one of these classes. 

The integers of a reduced residue system, mod p, being $(p) 
in number, we have, therefore 


W(t) +4 (te) +--+ Y(tn) =$(p). 
But, considering ¢(p) simply as an integer of FR, we have also’ 
(Chap. III, Th. 6) 


$(t,) + 6(t.) +--+ +6(tn) =$(p). 
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Hence 


w(t) + (te) as oe + U(tn) = $(t,) A (ts) a + $(in). 14) 


Since, however, every term in the first member of 14) is equal 
either to the corresponding term in the second member or to o, 
and hence, if even a single term in the first member of 14) were 
0, 14) would not hold, no term in the first member of 14) is o. 


Therefore w(t)=—¢(t). 
An examination of the table (p. 393) will illustrate this. 


§ 27. Primitive Numbers with respect to a Prime Ideal 
Modulus.* 

Among the integers of a reduced remainder system, mod p, 
there are, we have seen, ¢(¢(p)) that belong to the exponent 
@(p). These integers are caller primitive numbers with respect 
to the modulus p, or briefly, primitive numbers, mod p. 

From the table (p. 393) we see that 3 and 5 are primitive num- 
bers with respect to the modulus (7,3 +VW—5). If p bea primi- 
tive number, mod p, the ¢(p) powers of p, 


es —1 
pP=I, p's p's pr an pe? ’ 


form a reduced residue system, mod p. This is for many pur- 
poses an extremely useful way of representing such a system. 

We can determine a primitive number, mod p, by the method 
used (Chap. IIT, § 33) to determine a primitive root of a rational 
_ prime. 

We can prove Wilson’s Theorem for an ideal modulus by the 
aid of such a reduced residue system, just as the original theorem 
was proved for rational integers (Chap. III, § 29). 

It will be noticed that the primitive numbers, mod ), play exactly the same 
role with regard to p that the primitive roots of a rational prime, p, do 
with regard to p. It would seem desirable to have the nomenclatures the 
same, but those employed are the usual ones. It would, perhaps, be best 


to use the term primitive number instead of primitive root in the case 
of rational integers. 


§ 28. Indices. 
If a==p', mod p, 
*See Hilbert: Bericht, § 9. 
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where p is a primitive number, mod p, and 1 be one of the num- 
bers 0, I, 2, ---, o(p) —1Z, i ts said to be the mdex of a to the 
base p with respect to the modulus p. 

The relation between an integer and its index, which was seen 
in R to be similar to that of a number to its logarithm, is evidently 
the same in the case of ideals. It can be shown exactly as in 
R that, if p be any primitive number, mod p, a, 8 any integers of 
the realm, and m a positive rational integer, we have the follow- 
ing relations. 

i. The index of the product of two integers 1s congruent to the 
sum of the indices of the factors, mod $(p), that ts; 


ind, (a8) ==ind, a-+ ind, 8, mod ¢(p). 
ii. The index of the mth power of an integer 1s congruent to m 
times the index of the integer, mod ¢(p), that 1s; 


ind, a==m ind, a, mod ¢(p). 
We observe that in every system 
ind, 1=o. 

By means of the following tables we can illustrate the use of 
indices for an ideal modulus. Table A gives for the modulus 
(7, 3+V—5) the index to the base 3 of each integer of a 
reduced residue system, and Table B gives the residue corre- 
sponding to any index to the same base and modulus. 


It is evident that two integers congruent to each other, mod p, 
have the same index in any system of indices, mod p. 


ra 


Residue | 1) 2) 4 


| 
Index Fol 2] | 4] s| 3 


Index Of 1122 


Residue | 1] 3. 2 
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To pass from an index system with the base p, to one with the 
base po, the modulus being p, we find as in & that 


ind, « = ind, a-ind, p,, mod $(p); 


that is, to obtain the system with base p, from one with base p,, 
we multiply each index of the latter system by ind, p,, the smallest 
positive residues, mod #(p), of these products bring the required 
system to the base po. 

In particular, if a= p,, we have 


ind, p,:ind, p, = 1, mod ¢(9). 


Ex. To obtain for the modulus (7, 3-+./ —5) a system of indices to 
the base 5 from one of the base 3 we have first to find inds3. From the 
relation just given 

ind, 5 - ind; 3==1, mod 6, 


whence from Table A it follows that 


Bile 41. modu, 
and therefore 
ihe s == &. 
Multiplying by 5 each index to the base 2 and taking the least posi- 
tive residues, mod 6, of these products, we obtain for the modulus 
(7, 3+ —5) the following table of indices to the base 5. 


Résidue (08 4°21 .41-4. 


ole OP. fed ey en 


Index 


§ 29. Solution of Congruences by Means of Indices. 
As in R, the solution of any congruence of the form 


av ==B, mod pb, 1) 


where a is not divisible by p, can be effected by means of a table 
of indices for the modulus p; for from 1) it follows that 


inda + ind.r=ind 8B, mod ¢(p), 
which gives 
ind.1+==ind8—inda, mod ¢(p), 


from which «+ can be determined. 


CONGRUENCES WHOSE MODULI ARE IDEALS. 401 


Ex. 1. From the congruence 
(2+ V—5)*#=—1+3V —5; mod (7,3+V—5), 
we obtain ind, (2+./—5) +ind, r==_ind, (—1+3\/ —5), mod 6; 


that is, since 


2+V—5=6, mod 7; 3+V—5), 


and oo ou 
—1+3/ —5=4 mod (7,3 +V—5), 
3-+ind, +==4, mod 6, 
or 
ind, 2 
whence 


*==3, mod (7, 3+7 —5). 
The solution of the congruence 
a.” == £6, mod fp, 2) 


where @ 1s not divisible by p, can be reduced by the use of indices 
to the solution of a congruence of the first degree, mod ¢(p). 
From 2) it follows that 


inda-+ ind += ind B, mod ¢(p), 
and hence 


nind +=ind 6—inda, mod ¢(p), 3) 


which is a congruence of the first degree in the unknown +. 
Moreover, n, ind +, ind B, ind a and #(p) are evidently to be 
regarded merely as integers of R. Hence by § 14 the necessary 
and sufficient condition that 3) shall be solvable, is that ind B 
—jind a shall be divisible by the greatest common divisor, d, of 
n and ¢(p), and, if this condition be satisfied, 3) has |d] roots. 

To these |d| values of ind x correspond |d| values of 4 satis- 
fying 2) and incongruent, mod p. These are the roots of 2). 
We see therefore that by the use of a table of indices we can 
reduce the solution of both 1) and 2) to the solution of con- 
gruences between rational integers. 

Ex. 2. Consider the congruence 

(1+ V—5) 4 ==— V —5, mod (7,3+V —5), 4) 

where 1+ \/ —5 is not divisible by (7, 3 ++ —S). 

ind; (rt +./ —5) +4 ind, r== ind; —./ —5, mod 6; that is, since 


I+ V—5==5, mod (7, 3+V—S), 
26 


402 CONGRUENCES WHOSE MODULI ARE IDEALS, 


and 


—V—5=3 mod Cz, 3+V—S), 
using table A, 
5 +4 inds r==1, mod 6 
or 
4 Wide =>. mod 6; 5) 


Since the greatest common divisor, 2, of 6 and 4 divides 2, the con- 
gruence 5) has two roots which are easily found to be 2 and 5s. 


Hence we have 
Inds, 4 = 2 or 5, 
and therefore 


Fae ap cemodst 4 y/o). 
These results are easily verified by substitution in 4). We obtain 


(I+ V —5)2*==24 2V/ —5==— \V/ —5, mod (7, 3+ V—5S), 


and | 
(I+ V —5)5*==2+2\/—5==—V/—5, mod (7, 3+ —53). 
Ex. 3. The congruence 
(1+ V— 5) #*==2, mod (7, 3+ VW —S), 
has no roots, since the congruence 
inds (1-+./—5) +4 inds x ==ind; 2, mod 6, 


4 ind; + = 3, mod 6, 


or 


has no roots, the greatest common divisor, 2, of 4 and 6 not dividing 3. 
Ex. 4. Construct a table of indices to the base 10 for the modulus 


(23, 8-+./—5) and solve by its aid the congruence 
(2+ 3V —5)#*==—V—5, mod (23, 8+ —5). 
Ex. 5. Show that the congruence 
a oe (1+ V — 5)4*==15, mod (23, 8+ —5) 


The congruence +" == 8, mod ), where p is a prime ideal, can be treated 
as was the corresponding congruence in R (Chap. III, § 34), and a criterion 
for its solvability given analogous to Euler’s. The general congruence of 
the 2d degree in one unknown can be discussed and the first part of the 
theory of quadratic residues for ideal moduli developed as in R, Legendre’s 


symbol being replaced by (*) , where @ is an integer and p a prime ideal 


of k(Vm) (see Sommer: Vorlesungen iiber Zahlentheorie, pp. 92-08). 
The reader should work out the above. It is evident from the nature 
of an ideal that no direct reciprocal relation can exist between a and p, 
such as that between two rational primes as expressed by the quadratic 
reciprocity law. A discussion of the reciprocity laws in the higher realms 
is beyond the scope of this book; for them the reader may consult Hilbert: 
Bericht, and Math. Ann., Vol. 51; Sommer: V. ii. Z., Fiinfter Abschnitt. 


CHAPTER. x1. 
THE UNITS OF THE GENERAL QUADRATIC REALM. 


§ 1. Definition. 

The units of any quadratic realm are those integers of the 
realm which divide every integer of the realm. For purposes of 
investigation they may be defined as follows: 

i. The divisors of 1 and hence those integers whose recip- 
rocals are integers. 

ii. Those integers whose norms are + I. 

These two definitions are easily seen to coincide; for, if « be a 
unit of k( Vm), we have from i 


ric h— ak 1) 
where a is any integer of k(\/m). 
From 1) it follows that 
n[e]n[a] —T1, 
and hence Slels 
that is, ii is a consequence of i. 
Likewise, if « be a unit of k(\/m), we have fon il 
ce 
where ¢’ is the conjugate of « and therefore an integer of k(Vm). 
Therefore ¢ is a divisor of 1, and hence i is a consequence of ii. 
It follows from the above definition that if each of two integers, 
a, B, divide the other, their quotient is a unit; for, if 
a/B=y, 
y and 1/y are both integers ; hence y is a unit by i. In particular, 
the quotient of two units is a unit. In investigating the units of 


the general quadratic realm, we shall distinguish two cases accord- 
ing as the realm is imaginary or real. 


po AOSy 
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§ 2. Units of an Imaginary Quadratic Realm. 

The fact that the norms of all the integers of an imaginary 
quadratic realm are positive will enable us to determine the units 
of such a realm. 

Let m be a positive integer containing no squared factor; then 
k(\/—m) isan imaginary quadratic realm, and we have seen that 
all imaginary quadratic realms will be obtained if m take all 
positive values. 

Let ¢«. =+1-+ yo, be a unit of k(\/—m), I, w being a basis of 
the realm. 

We have 


n[e] = (4 + Yo) (4 + yo’) =1, 1) 

the value —1 being impossible, since the realm is imaginary. 

We have now to see for what rational integral values of x 
and y 1) holds, and to do so must distinguish two cases. 

i. When —m==2 or 3, mod 4, and hence ow=\/—™m. 

Then 

nle] = (4 +9 V—m) (x — 9 V—m) = 2? + my? =1. 
Ifm > 1, it follows that y==-oand += -+ 1,and hence e==+ 1. 
If m==1, we have the realm k(1) whose units we have found 


i be = i 7 
ii. When —m==1, mod 4, and hence o= (1 +V—™m) /2. 


Then 
1+V—m ee ee, 
nll= (247 rts 5 ) 
ae 
=(++2) es 
2 4 


If m > 4, it follows that yo and r—=-+1, and hence 
et I. 


If m==3 we have the realm k(.\/—3) whose units we have 
found to be +1, +[(1+W—3)/2]. We see, therefore, that 
k(t) has the four units +1, +1, and k('~—3) the six units 
+1, + [(1+V—3)/2], and that all other imaginary quadratic 
realms have only the two units + 1. 
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§ 3. Units of a Real Quadratic Realm. | 

The determination of the units of a real quadratic realm is 
much more difficult. We shall see that, as in the realm k( V2), 
the units of such a realm are infinite in number and can all be 
expressed as powers of a single unit called the fundamental unit. 
To show this we shall need the two following theorems, the first 
~ of which, due to Minkowski, is of great importance in the theory 
of numbers. 


THEOREM I. Jf a,7+8,y, av + B.y be two homogeneous 
linear forms with real coefficients whose determinant 


a 2B, 
a, B, 


is not 0, there exist two rational integers, *), Vo, not both zero 
such that 


|a,% + B,Yols| V8, 


and 
AnVy + Bo¥ols| V3.2 
If we put 
pita A 1) 
n= a4,¥ + Boy 
Poe ey 
then : diem &— 3) 
a a 
y= — BE Sn, 
or ee 2) 
y=4,€4+ Bin 
Putting 
A, B, in 
Aa 


we see that AS =I. 
If now we can find two quantities, &, 4), such that 


lEol s 1/|V4| and Ino| = 1/|VA|, 


* Minkowski: Geometrie der Zahlen, p. 104. Hilbert: Bericht, Hiilfsatz 0. 
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and such that the corresponding values +, y, of x and y are 
rational integers, then +, and y, are the required values of x and y. 


For, if += A,é, = Byno: 
and Vo = 4, €, + Bono, 
then e—— AX) + BiVo, 


No = AgX% 9 + BoM; 
and hence, since 
Jfls| V8] and |y.|=|V3|, 
we have 


err =e BVols| V3 
(aan — B2Vols| Vi. 


To prove our theorem it will be sufficient therefore to show 
that two quantities, €,, 4), exist which satisfy the conditions 


léo| s 1/|V Al; [70] = 1/|VAl, 
and such that 


4) =A,E, ae in. 
Vo = A,£, om Byno 


are rational integers, where 4,, 4,, B,, B, are real and 


In the proof of the theorem we shall prove first the case in 
which a,, a,, B,, B, are rational and integral, then that in which 
the coefficients are rational and finally require merely that they 
be real. In the first two cases the theorem will be proved in its 
original form, in the last case in the equivalent form given above. 

The proof in the second case will depend directly upon the 
truth of the theorem for the first case, and that in the third case 
upon case two. 

i. Let a,, a., B;, B. be rational integers. 

We shall need a theorem concerning binary linear forms. 

Calling a binary linear form a,x + 6,y, where a,, b, are ra- 
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tional integers, for the sake of brevity a form, and two such forms 
a form system, we say that a form c,x + d,y is. reducible to o by 
the form system a,x + b,y, a,v + b.y, if 


cx + dy=g,(ar + by) + g2(aer + by), 
where g,, gp are rational integers. 

Two forms are reducible to one another by a given form system 
if their difference is reducible to 0 by this system. 

Two form systems are said to be equivalent if every form that 
is reducible to o by either one of the systems is also reducible to 
o by the other system. 

The analogy to the basis of an ideal is at once evident, for, if 
a, = (a,0, + b,0,, d,0, + b,0,) be an ideal, where a,o, + b,0,, 
d,0, + bw, is a basis, then an integer, c,o, + d,w., is a number of 
the ideal if 


6,0, + dyw, = 9, (4,0, + B02) + J2(G20, + A202), 
where g,, g, are rational integers. Thus the reducibility of a 
form to o by a given form system corresponds to a number be- 
longing to an ideal. 

We can show exactly as in the case of a canonical basis of an 
ideal (Chap. XI, Th. 1) that among the form systems equivalent 
to a given system there is one, 47, Bx + Cy, such that among 
all forms of the form ax, reducible to o by the given system, 4 
is that one in which a is smallest in absolute value, and among 
those of the form b*-+ cy reducible to 0 by the given system, 
Bx + Cy, is one of these in which c is smallest in absolute value. 
We can then show that, if two form systems be equivalent, the 
absolute values of the determinants of their coefficients are equal 
(see-Chap, Xi, Eh. 1, Cor.) 

It will now be evident that to say in the case of forms that 
two forms are reducible to one another by a given form system 
is the same as saying in the case of an ideal that two integers are 
congruent with respect to this ideal, for in the former case the 
difference of the two forms is reducible to o by the given system 
while in the latter the difference of the two integers is a number 
of the ideal. 
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The statement in the one case that there are exactly 
ee 
| a, 6, | 
forms, no two of which are reducible to one another by the form 


system a,v + b,y, a,v + b,4', is the same as the statement in the 
other case that there are exactly 


integers which are incongruent each to each with respect to the 
ideal (a,0, + a,0,, bo, + b.w,),and may be proved similarly (see 
Chap. XIt, Th. 1): 
We observe now that [8] is equal to one of the square numbers 
I, 4, 9, 16, 25; pes a (r+ 1 a 


or lies between two of them. 


Let r<|8l<(r+1)2, 
and form the (r-+1)? forms 
a=O0, ty 4," e, 
an om | ar eels a 3) 


Since there are only |8] forms, no two of which are reducible 
to one another by means of the form System 4,4 + B,y,a.7 + Boy, 
at least two of the forms 3) are reducible to one another by this 
system. 

Let these two forms be a;,.v + biv and ajx + djy. 

Then 


ayy + biy =ajyv + b; aE rele Be = By) <= d(aj,xv Ae By) ; 
that is, 
i) ae ag), (Be 1p dyy 
and hence a,¢ + a,d == a; —a,y, 


Bc +- B.d = 6, — ,. 
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Since |a;— a,;| and |b; —b;| <r, they are both <|\/8]; hence c 
and d are the required values of v and y. 

ii. Let a,, a, B;, B. be rational fractions. 

Let their least common denominator be g. Then ga,, ga., gf, 
gB. are rational integers. 

By case i we can find two rational integers, 1), , such that 


\92.% + 9B1%o| =| V89"|, 
|922%5 + 9B2%o| s | V89"|- 4) 
On dividing both members of 4) by g we get 
|a,%» se BxYol = | V3l, 
Avo + Bor'o| s| V9]. 
Hence +, and y, are the required values of * ang ¥. 
nie. etd). d5,-6), Bb. be any teal mumpers. 


We shall prove the theorem in its second form; that is, that if 
A,, A., B,, B, be any real numbers, such that the determinant, 


A, By 
AB: 


is not zero, there exist two numbers, &), 7), satisfying the conditions 


[Eo] S 1/|VAl, In| = 1/|VAl, 
and such that ty 
Yo = A1.€ + Bam, 
are rational integers. 


Let 4,, A., B,, B, be defined respectively by the rational fun- 
damental series 


@y, As, As, ee) 
se Cs Ds, ere 
| J v , £ 5) 
(yy Ue yAg y+ 
, if Lf 
O25 0.5 0. | 


that is, 
Ci i) de, i 


N—=w- nn 6) 
ete a Nin 


N=N Nn 
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Let 
ae 2. 
A. an , , Ls 
2. 0, 


where an, Dn, An’, bn’ are the nth terms of the above series. 
then 


lim Ay = lim an Ms lim apa aaa lim a. lim b;. 


nn NO nn n—o nn 
= A,B,— A,B,=A. 
We observe now that in the series 
A,, A,, As, Foes a 


though some of the terms may be o, the number of such terms is 
always finite; that is, from some 7th term onward nO: A 15 0; for 
otherwise, lim A, would not exist or else would be o. 


Since now the terms 5) are all rational numbers, and A; and 
all succeeding A’s are different from o, we can find by case ii 
HOn GVELY Sel Of Ug By bo ok (1-++ p)th terms of the series 
5), two numbers, £:,», ni,p, such that 


Sto] 1/|V Aco, [nice] $1/|V Avaol, 8) 
and that Qi,pgiap —- Di.vnisp: 
A ispbisp oe D’isynisp, 


are rational integers. 
From 8) it is evident that the terms of the series 


&i, tL, er... Mae oa 


Wis isa» isos *°°, 


have an upper limit, for no term of the series 


[A;|, [Atal [Atse 


; eadtag 


is Oo, and lim A, =A =o, whence the terms of this series have a 
nxn 


lower limit. | | 
Let this upper limit of the é’s and y’s be k. 
Consider a system of rectangular axes and construct a square 
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with the origin as center, its sides equal to 2k and parallel to the 
axes. 


vn 


If now we consider £7, nizp aS the abscissa and ordinate re- 
spectively of a point, we may represent each pair of numbers 
Stans nis (P =O, I, 2, vee) by a point. 

All these points will be within or on the boundary drawn as 
above. . 
Since there are infinitely many points (&i,», yi,p) within or on 
this boundary they will have at least one limiting point within 
or on the boundary. Let the coordinates of this point (or, if 

there be more than one, of any particular one) be &, m. 

There will be certain series of the points (&i., ni,p) which 
approach and remain arbitrarily close to (&, )) as p is indefi- 
nitely increased. 

If (&,.., 1,,,) denote such a series, where pf’ represents only 


those values of p which gives this series, we have 


—, = lim &., , 7 = lim 7,,,,. 
p’=~ p= 


Then 
lim (4;, E49 + Oia Nisp) = 4E, + Any, 
p’=n 


bes CPi ey a O54 Mi+p') pea A, Ss 6 B Ny: 
But all terms of the series 


Ie eae as b,, N:+5's 
and 
, , 
A Ss A 
are rational integers. 
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Hence their limits, 4£, + By and -4,£-+ 8%, are rational in- 
tegers; Theretore’ ¢, and +, are the required numbers, and the 
theorem is proved in its second form. It holds therefore in its 
original form. 

From the above theorem we have at once the following theorem: 


THEOREM 2. J/f.a,v+8,¥, a.1-+B.y be two homogeneous 
linear forms with real coefficients, whose determinant 


2 B,| 
is not 0 and x, x, be any two positive quantities such that 
ree g 
there exist rational integers %, \'o, not both-o, such that 
|a44% se BaVo| EK, 
|a,¥, ae BoVo| <k).* 
Given the two forms 
a a 
il 1 = 2 
a pe 
- Pee Ky ey Ky J; 


whose determinant is not zero, there exist by Th. 1 two rational 
MiLeSeTS: 1, 1, DOL both Omsuch that 


and hence |a,¥) + Biol <x, 


ae as B25'o| SK). 
From this theorem we obtain at once the following theorem, 


which is necessary for the investigation concerning the units of 
a real quadratic realm as well as interesting on its own account. 


* Hilbert: Bericht, Hiilfsatz 7. 
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THEOREM 3. There are in every real quadratic realm an in- 
finite number of integers, the absolute value of whose norms 
<|V 4d]. | 

i. The existence of at least,one such integer is seen at once. 
For, if 1, w be a basis of the realm, 


r+yo0, r+ yo’ 
are two linear forms whose determinant 


I @ me 
=o’ —-w=Vd+0, 


I a 


and making use of Th. 2 and putting 
ki, xy | 
where x, > 0, we see that there exist two rational integers, +,, ,, 
which are not both o, and which are such that 
ae + Vo | <Kj, 
Ja + 9,0] s | Vd] /x,, 


and hence 


ea ae y,o) (4, as y,0' )| = | Vd| ; 
[n[4, + 4,0]| <| Vd. 


Therefore the realm contains at least one integer, @,,=7,+ ),0, 


that is, 


the absolute value of whose norm is less than or equal to |\/d]. 
To show that there are an infinite number of such integers we 
proceed as follows: 
To prove the existence in the realm of an integer, a,, = +, + 1,0, 
that is different from + a,, and such that 


Infas]|<s|Val, 


we have only so to choose x, that from the condition 


A| < Ky 
it will necessarily follow that 


a, + a,. 
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This may be effected in infinitely many ways, a simple one being 
to take for x, some positive quantity x,<|a,|; for example, 


|a,/2|, for then from lasfeny 
it follows that pete 
whence A, + 4. 


Since by Th. 2 there exist two rational integers, x, y,, which 
are not both o and which are such that 


lr, + y20 | S Ko 
: |*. + you’ | es | Val /xo, 


it follows that there is in the realm an integer, a,,—=-+, + yu, 
different from +.a,, and such that 


In[a2]| <|V4l. 
To prove the existence in the realm of a third integer, a,, dif- 
ferent from +a, and +a, and such that 


ln[as]| s|V4I, 


we have only to put for x in the inequality a positive quantity x, 
less than x,, when it is at once evident that such an integer 


exists; for from ie) = ee 1s < [| 
it follows that da, ane d.--  . 


- Continuing in this manner we can prove the existence in the 
realm of as many such integers as we choose. They are, there- 
fore, infinite in number. 


Ex. We shall illustrate the above theorem by showing that we can 
actually find in k(\/7) as many integers as we please, the absolute values 
of whose norms are less than or equal to |./28|, d being in k(./7) 
equal to 28. : 

Following the method employed in the proof, we let a, =#1+y1V/7, 


be any integer satisfying the required condition and « be any positive 
quantity, say 2. 


We have to determine x, y so that 
| 1/28 | 


|a,| < 3 + cay |S 9) 
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We may assume without loss of generality that +, 31 have the same 
sign, for, this assumption being made and \/7 being taken positive, 


Ja taV7| >| 2—mV7 1, 


otherwise not, and the most favorable way in which the conditions 9) 
can be imposed is | 41+ ¥.:\/7|Sthe larger of the two quantities « and. 
|\/d |/k, here | \/28|/2, | 41 —y1\/7 | Sthe smaller of the two quantities 
«x and |./d|/x, here 2. Making this assumption, the conditions which 
1, Yi must satisfy are 


|2. +977 |2V7, 10) 
| +: -—9.V7 | $2. II) 
The further assumption 1, y: positive, which may evidently be made 


without loss of generality, will simplify the work. 
Doing this, we see that, since +: and y: have the same sign, 


41 = 0O,*; ve 
or 41—T1, oo 
or 1 2, y1 = O-7 


But it is evident from 11) that of the three values only those pairs in 
which y:==0 are admissible; hence 


H+ V7 = 1 or 2. 


The only integers of k(\/7) which satisfy the condition 9) are therefore 
+1, +2. The absolute values of. the norms of I, —1, 2, and —2 are 
evidently all less than | \/28 |. 

To find another integer a., = 4+,-++ y.\/7, the absolute value of whose 
norm ‘is less than | \/28|, we proceed as in the proof of Th. 3 and let 


k =| a,/2|, where a, is any one of the integers I, —1I, 2 or —2, say 2; 
that is, we have now to determine #2, y2 so that 

| v2-+ y2V/7 | $V 28. 12) 

|x —y2\/7| <1, 13) 


where 42, y2 are assumed to be both positive. Since 2, y2 have the same 
sign and the value o for a. is excluded, we see from 12) that 


42= 0, y2— I OF 2, 
or 42=—I1 OF 2, V2 = I, 
or %2.= 1, 2, 3, 4, 5, jJ2=0; 


but 13) excludes all these values except 


and 

Veo 1s 42 = oO. 
The last set gives d:—=I, an integer already found, but the other gives 
a:2—=2-+/7, a new integer satisfying the conditions 12) and 13), and 
hence one the absolute value of whose norm is less than | \/28 |. 
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We see indeed that 
inl2 23/7) | = 3 | ek: 


If now we put k=] (2—/7)/2|. and proceed as before, we can find 
an integer a; such that 


| 2 [as] |<] \/28], and a, + a, asa + 44, 
Continuing in this manner, we can find as many integers as we please 
satisfying the required conditions. 

THEOREM 4. If x be any positive constant, there exist only a 
fintte number of algebraic integers of the second degree such that 
they and their conjugates are simultaneously less than x in abso- 
lute value. 

Let a be an integer of the second degree such that 


la < Ky |a’| < Ke 14) 
Let a? + ar +a,= 


be the irreducible rational equation of which a@ and a’ are the 
roots. We have 


d,=—(a+a’), a,=aa’, 
hence |a,|=|a+a’|, |a,|==|aa’|. 
But lata’|<2x, |aa’|<k’, 
hence ak Osh eck: 15) 


It is evident that only a finite number of rational integers can 
satisfy the condition 15); hence there are ouiy a finite number of 
equations of the second degree whose roots satisfy 14). There 
are, therefore, only a finite number of integers of the second 
degree satisfying 14). This theorem, it will be observed, is 
proved not for a single quadratic realm but for the integers of 
all quadratic realms taken together. 

Moreover, it will be noticed that not all the roots of these equa- 
tions satisfy 14) but that among their roots are all the integers 
of the second degree that satisfy 14). See Ex. § 4. 


* Hilbert: Bericht, Satz 43. 
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THEOREM 5. There exists in cvery real quadratic realm a 
unit, e, different from +1, and such that every unit, y. of the 
realm has the fori 


ne”, 


ahere m is a positive or negative rational integer, or 0. 

The proof of this theorem may be conveniently divided into 
the following four parts: 

i. Every real quadratic realm contains an infinite number of 
integers, Ay, As) A3,°**, the absolute values of whose noris are 
less than or equal to |\/dj. 

ii. A quadratic realm, whether real or imaginary, contains oily 
a finite number of ideals whose norms are less than |\/d|, and 
hence the infinite series of integers, A, A, G3, ---, considered as 
principal ideals, (a,), (a2), (G3), «++, give only a finite number 
of different principal ideals, whence it follows that the integers, 
Ay, As, Ag, ++, must full into a finite number of classes, each con- 
taining an infinite number of integers which differ from each 
other only by unit factors, and hence there are in every real quad- 
ratic realm an infinite number of units different from + T. 

iii. Infinitely many of these wnits of a real quadratic realm are 

greater than 1; among these there 1s a smallest one, e. 

iv. Every unit, y, of the realm has the form 


ya e”", 


where m is a positive or negative integer, or O. 

Having already proved i, we begin with ii. 

ii. We obtain all prime ideals whose norms are less than |\/d} 
by resolving all positive rational primes less than |\/dj into their 
prime ideal factors. 

There are evidently only a finite number of such prime ideals. 
By multiplying these prime ideals together we obtain all ideals 
whose norms are less than |\/d]._ These ideals are evidently also 
finite in number. Hence among the infinite system of principal 
ideals 

Casa Ga) 16) 

*See Hilbert: Bericht. Satz 47. 

27 
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whose norms <]|\/dl, at least one ideal must be repeated an infinite 
number of times. 
Let the infinitely many ideals 


(a), (ais): (ais); 


taken from the system 16) be the same. Then each one of the 
integers 
Air Qios Rigs ets LZ) 
must be divisible by every other one; that is, we have 
Ai, = Bain, 

and Ai, = ig, 
where 8 and y are integers. | 

Hence 8 and y are units (§ 1), and are, moreover, different 


from + I, since we may assume that no two of the integers 17), 
aS Qi,, Ain, are so related that 


a, me Ain. 
Furthermore, the number of such units is infinite; for 
Ais == Sais, 


Where 0 JS a Unit, die it 6 9, tien,a,,-- +-0,,, wich 1s 
impossible. 

Hence the quotients obtained by dividing each of the integers 
17) by a, constitute an infinite system of units, 


Nis 5s. 3 
such that we never have 
y eee 
iii. There are in the realm. an infinite number of units which 
are > 1; for from each one of the units, 7,, 7., ---, aS mi, We Can 
derive such a unit, since one of the integers, 
Nis — i, 1/ni, OF —I/m, 


all of which are units, must be such a unit. Among this infinite 
system of units greater than 1 there is a smallest one; for, if m: 
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be a unit greater than 1, there are by Th. 4 only a finite number 
of integers, a, of the realm such that 

lal<mis la'|<m; 
and hence only a finite number of units, y, such that 

Ink<nis |a'l<n- 18) 


But if » be any unit greater than 1 but less than 7, we have from 


m=ti, 
| nin'|= 1, 
and hence \n' |<1< mm; 


that is, 7 must satisfy 18). 
There are, therefore, only a finite number of units, y, such that 


I< n< ni; 


and hence there is among them a smallest one, which is, of course, 
the smallest of all those units of the realm that are greater than I. 
Denote this unit by e. | 

iv. It is evident that the units 


sagen @° 4. cirel* gt te ee 19) 
are all different; for from 


e"=—= te", M>N, 
it would follow that 


: Cla —— + 1¢ 


which is impossible, since e+= + I, and none of the numbers of 
the realm are imaginary. 

We shall now show that the system 19) comprises all units of 
the realm. 

Let € be any positive unit greater than or less than 1; then € 
will lie between two consecutive, positive or negative powers of 
e, or else be equal to a power of e; that is, we can determine an 
integer, m, positive, or negative, such that 


e” < é < etl, 
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Let ee 
then €, is a unit, and we have 
Leer <5 
But we cannot have 
ter 6 
for e is the smallest unit greater than 1. Hence 
E,=1; 
and therefore cae 


When 1 1s positive the units are greater than 1, and when n is 
negative they are all positive but less than 1; no Fides se 
By letting n take all rational integers from — « to + « we thus 
obtain all positive units of the realm. 

Now let € be a negative unit; then —& is a positive unit, and 
we have 


hence € = — e”. 


Every unit, é, therefore, of a real quadratic realm has the form 


| 


=== ", 


where 7 is a positive or negative rational integer, or O, and e is the 
smallest unit of the realm > 1. 


This unit ¢ is called the fundamental unit of the realm. 


§ 4. Determination of the Fundamental Unit. 


If in any quadratic realm k(\/m) any unit, y, be known, we 
can at once obtain a unit greater than 1; for one of the four units, 


Wael yO =a. 
has this property. 

Denote that one of theSe four units which is greater than 1 by 
m. We have now to determine whether there are any units in the 
realm which are greater than 1 but less than y,, and, if there be 
any such units, to find the smallest of them. 
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Th. 4 enables us to do this; for by the method employed in 
the proof we can find the rational integral equations finite in 
number, among whose roots are the integers a of the second 
degree finite in number, such that 


lal<m; |a"|< m.- I) 
Among these integers will be included all units, €, such that 
Le <n: 2) 
for we have seen that from 2) and 
f= +1, 


it follows that 
lEl< Hos (ee 


Since we wish to find only those units which satisfy 1), and 
the last term of the irreducible rational equation satisfied by an 
integer of the second degree is the norm of the integer, we may 
make the last term of each of our equations + I. 


Writing down, therefore, all irreducible equations of the form 
A oe tO, 3) 
where a is a rational integer, such that 


}a]< 2m, 


and solving these equations, we obtain all units which satisfy 1), 
not only of the realm under discussion but of all real quadratic 
realms. 

If there be any unit of the realm under discussion which is 
greater than I but less than »,, it will be found among these. 


Ex. Let the realm under discussion be k(.\/5). Since 
Hea sit 
2+ 5 is a unit of k(\/5). Moreover 2+ ./5> 1. 
To determine those units of k(\/5) that are greater than 1 but less 
than 2+ \/5, if any exist, we write down all irreducible equations of the 
form 3), in which |a|<2(2+ 75). We need only write those in 


which a is negative since the change of sign of a merely changes the 
signs of the roots. 
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We’ have, therefore, as the equations among whose roots will be 
found the unit sought for, if it exist, 


vr—x*+i1=o 
a? —2r+1=0 
v—3xr+1=0 
v—4r+1=0 


v?—s*r+i1=0 
e’?—6*e+1=0 
?—7x +1=0 
2?—8rt1i1=0 


xv— x —I=0 
xn’? — 2% —I=0 
v—3xe—I=0 
x —4x%—1I=0 


v?—S*r—I=0 
v—6*—1=0 
v—7x*—1I=0 
xv —8xr—1=0 


Solving these equations, we obtain four units of k(\/5) which are greater 


than 1, 4(1+-V/5), 2(3+V5); 2+ V5 and 4(7+3V5), and of them 
evidently 4(1-+ 1/5) is the smallest and hence the fundamental unit. 


The foregoing determination of the fundamental unit of a real 
quadratic realm depended upon the supposition that some unit 
of the realm was known. To find some unit of the realm we may 
proceed as follows, the method being that used in Th. 5 to show 
the existence in such a realm of a unit different from + I. 

Let k(\/m) be the realm. 

Determine first how many different ideals have their norms 
less than |\/d|. This is easily done by factoring all rational 
primes less than |\/d| and forming all products of these ideals, 


such that the norms of these products are less than |\/d|. Sup- 
pose that there are m different ideals whose norms are less 


than |\V/d|. 

Find now m-+1 integers whose norms are less than |VdI, 
which can be done by the method used in the proof of Th. 3. 
The quotient of some pair of these integers whose norms have 
the same absolute value must be a unit. 

This method of determining the fundamental unit may be 
shortened by observing that, if c+-d\/m be the fundamental 
unit of k(./m), where c and d are either rational integers or 
rational fractions whose numerators are odd and denominators 
2, then c and d are both positive, and hence no equation of the 
form 3), where |a|> 2c, can have as a root a unit of the realm 
greater than 1 and less than c+d\/m. Therefore the funda- 
mental unit is a root of the first equation among the equations 
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3), arranged in ascending values of |a|, whose roots are units 
of k(\/m). From this, we see that, in the example above, it 
was unnecessary to proceed further after finding $(1+ 1/5) as 


a root of x*?7—xr—I=0. 


The number of equations to be examined may also be reduced 
by observing that we must have 


a? + 4==0, mod m, 


if an equation, whose last term is —1, is to have as a root a unit 
of k(Vm). If m be divisible by a prime, p, of the form 4n—1, 
this relation is evidently impossible, for it requires that —1 shall 
be a quadratic residue of p. Hence the fundamental unit of 
k(\/m) can not have —1 as norm, if m be divisible by a prime 
of the form 4n—I. 


§ 5. Pell’s Equation. 

It will be at once recognized that the determination of the units 
of a real quadratic realm, k(\/m), is equivalent to solving Pell’s 
Equation : 

x? — my? == + I, where m==2 or 3, mod 4, 
and v—my?=+ 4, 
or +? — my? = + I, where m==1, mod 4; 


furthermore the smallest solution will give the fundamental unit. 

The general problem of determining an integer with given 
norm, H, of which the above is a particular case, is ‘evidently 
equivalent to solving 


av? — my? =H. 


The following theorems relating to Pell’s Equation are taken 
from Chrystal’s Algebra, Part II, p. 450, and the reader is referred 
to this work for their proof and for the complete discussion of 
this subject.t| Confining ourselves now to solutions in which + 
and y are prime to each other, for, if + and y have a common 
factor r, then r* must be a factor of H and we can reduce the 


*See also H.-J: S. Smith: Pp. 192-200. 
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equation to .v’?— m4"? =H’, where H’==H/r?, and limiting our 


discussion to the case ;H|<!\/m!|, we have the following theorem: 


THEOREM 6. The equation 
?—my=+ 


where mand A are positive integers and m 1s not a perfect square, 
admits of an infinite number of solutions provided its right-hand 
side occurs among the quantitics (—1)"M, belonging to the devel- 
opment of Vm as a simple continued fraction, where My, is the 
(7+ 7) rational divisor, and all these solutions are v=pbn, 
Y=On, where pr/du 1s the n™ convergent in the development 
of Vm. 
Cor 1. The equation 


Vv? —my? = 1 1) 


where mis positive and not a perfect square always admits of an 
uifinite number of iitegral solutions, all of which are furnished 
by the penultimate convergents in the successive or alternate 
periods of Vim. 

Cor 2. The equation 


Vv? — ny? = — I 2) 


where mu is positive and not a perfect square admits of an infinite 
number of integral solutions, provided there be an odd number of 
yuoticnts in the period of \/m, and all these solutions are fur- 
nished by the penultimate convergents in the alternate periods 
of Vii. 

If there be an even number of quotients in the period of \/m 
the equation has no integral solution. 

If p, g be the first solution of 1) or 2) and we have 


vy Vi= (peqvim)", 


where 7 takes all positive values, or all odd positive integral 
values. Then the resulting values of .r, y are all solutions of 1) 
Or 2) respectively. 
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For the discussion of the equation 
a? — my? = + A. 


where H is greater than \/m, the reader is referred to Chrystal’s 
Algebra, Part IT, p. 454. 
The following examples will illustrate these theorems: 


Ex. 1. Determine the fundamental unit of k(.\/7). We must solve 
x’? — 7y? = —1, if possible, and if not possible, then 47 —7y’ =I. 

Expanding \/7 in a continued fraction we have 

= it at I I ae I 
—2 se Se RE pn ee ee a fee oe 
le nse ees ee ey 

which gives the following table, where, as in Chrystal, 1 is number of 
convergent, an the mth partial quotient, px the numerator of the mth 
convergent, gn the denominator of the nth convergent, 17, the (7+ 1)th 
rational divisor. 


id an p n Yn M, 
De) ee al 
2.5 1a) ae 
ee Gee he 
Ao Tad oe ee 
ee es Oe ees) 


There being an even number, 4, of quotients in the period of \/7, the 
equation 4*7—7y?=—1 has no solution (Th. 6, Cor. 2); that is, the 
realm k(\/7) has no unit with negative norm. We observe, however, 
that the penultimate convergent, 8/3, in the period of \/7 gives 


V—7-3 1, Lh. @ Cor) 


that is, 8+3\/7, 8—3\/7, —8+3V7 and —8—3\/7 are units of 
k(\/7), 8+3\/7 being the fundamental unit. This can be verified by 
the method of the previous section. 

Ex. 2. Determine the fundamental unit of k(\/17). Expanding \/17 
in a continued fraction, we have 
I 


Sen: 
which gives the table, there being only one quotient in the period of \/17. 


V17=4+4+ aE 


7 an 4 n Gn M,, 


ie a. Me Py oe Sa a 
at Ou aa | oO bee 


Hence the equations 


r—7y=—4 and **—17y =4 
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have no solution, but the equation 
| —17" =—1 
has the solutions = + 4, y= +1, and 4+-\/17 is seen to be the funda- 
mental unit. This can be verified by seeing that among the roots of the 
equations 
x—ax-I=0 
where |a| <2(4+ V/17), the only unit of k(\/17), which is greater than 
Iris4+V17. Be 
Ex. 3. Find the fundamental units of the realms (1/10), k(y/11) and 
Bens 2t): 


CHAPTER XIV. 


THE IDEAL CLASSES OF A QUADRATIC REALM. 


§ 1. Equivalence of Ideals.’ 

We have seen (Chap. XI, Th. 5) that in any quadratic realm, 
k( Vm), there exists for every ideal a an ideal m, such that the 
product am is a principal ideal. 

Attention was also called to the evident fact that although the 
particular ideal which was shown to have the desired property 
was the conjugate a’ of a, all ideals of the form a’(y), where (y) 
is any principal ideal, have this property. 

Since, moreover, if a and 6 be any two ideals, there exists in 
a a number a such that (a)/a is prime to b (Chap. XI, Th. 11), 
it is evident that there is an infinite number of ideals each one 
prime to all the others and each such that its product by a is a 
principal ideal; for, if a, be any number of a, then 


(a,) =aa,, 


where a, is an ideal having the desired property. By the above 
theorem there exists in a a number a, such that 


(a,) = aa,, 


where a, is prime to a, and is evidently an ideal having the 
desired property. In like manner there exists in a a number a, 
such that 


(a,) = aa,, 
where a; is an ideal having the desired property and prime to 
a,a,, and hence to each of them. 
Proceeding in this manner, it is evident that an infinite number 
of ideals exist each of which is prime to all of the others and 
such that, when multiplied by a, the product is a principal ideal. 


* Hilbert: Bericht, Cap. VII. 
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We see, therefore, that the ideal m need not contain a’ as a 
factor; for example, 


(2, 1+-V—5)(3, 1+-V—5) =(1+V—5), 
(2, 1+V—5)(3, I—V—5)=(1—vV—5), 


where (3, 1+ V—5) and (3, I—VW—S) are prime to 
(2, 1— VW—5) and to each other. 

From the fact that infinitely many ideals give, when multiplied 
by one and the same ideal, products which are principal ideals, 
w. are led to the introduction of the idea of the equivalence of 
ideals, which is defined as follows: 

Two ideals, a and b, are said to be equivalent if an ideal m 
exists such that the products am and bm are both principal ideals. 

The equivalence of a and 6 is expressed symbolically by writing 


a~b; 
that they are not equivalent by writing 
av b. 

For example, as we have seen above, the product of each of 
the ideals (3, 1 +\/—5) and (3, 1—\W—5) by the ideal (2, 
1+ \/—53) is a principal ideaf; hence (3, 1 +\/—5) is equiva- 
lent to (3, E—W—5), or in symbols 

[Seu 5) Gy 

Likewise, since the product of (2, 1+.\/—5) by itself is a 
principal ideal, (2, 1 +7/—5) is equivalent to each of the two 
ideals (3, 1 +\/—5) and (3, I—V—S). 

As an example from another realm k(\/— 17), we see that 

Cea 
for it can be easily shown that 
(11, 4+V—17) (11, 4—V—17) = (11), 
and = (11, 4+ V—17) (3, 1+-V—17) = (4+V—17). 

If a~ 6, 

then by the definition there exists an ideal c, such that 
ac (p), 
|e (v). 
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Multiplying these equations respectively by b and a, we have 
abe = (nw) b= (v)a; 
that is, if a~b, there exist two integers, » and v, such that 
(v)a= (p)b. 


Furthermore, if a and 6 be any two ideals and there exist two 
integers, » and »v, such that 


(v)a= (u)b, 1) 
then a~b; 
for let m be any ideal such that the product am is a principal 
ideal (y), then multiplying 1) by m, we have 
(v)am == (vy) = (») bm. 


But, if the product of a principal ideal and another ideal bea prin- 
cipal ideal, the second ideal must be a principal ideal also. Hence 
bm is a principal ideal and consequently 


am bd. 


We may therefore define the equivalence of two ideals as fol- 
lows, this definition being, as shown above, exactly equivalent to 
the former one: 

Two ideals, a and b, are equivalent if two integers, a and B, 
exist such that 


a(B) =b(a). 

For example, we have 

(I—V—5) (3, 1+-V—5) = (1 +-V—5) (3, 1—V—5), 
whence it follows that 

(3, 1+-V—5) ~ (3. t—V—5).- 
We shall use both of these definitions of equivalence, each 

having some advantages of its own. 

Equivalences between ideals obey the following laws: 

ott a~b and b—c, 2) 


* Hilbert: Bericht, p. 223. 
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then a~, 
for from 2) it follows that there exist integers a, B, y, 8, such that 
a(B)=b(a) and b(8)=c(y), 
and hence, multiplying these equations respectively by (8)and (a), 
a( ps) =c(ay), 


Therefore amc. 
ii. If a~b and c~bd, 3) 
then ac ~ bb, 


for from 3) it follows that there exist integers a, B, y, 8, such that 
Qe) O(a) and (13) == 0( 7), 


and hence ac(B8) = bd(ay). 
Therefore ac ~ bpd. 
If a~ b, 


then from ii it follows immediately that 
a” ~ 5", 


where m is any positive rational integer. 

The original definition of equivalence given above is that used 
by Dedekind, the second is equivalent to the following, which is 
given by Hilbert and Weber: 

Every number of a realm, x, not an integer, can be represented 
as the quotient of two integers; that is, 


K== 0/8. 
If now we look upon a and £ as principal ideals and remove all 
factors common to (a) and (8), we have 


(a)/(B) =a/b, 
a representation that is evidently unique. For example, let 


I+ V—5 
k= a 
I—V — 5 
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We have 


(0+ VH9)_ Gt VEG E4Y=9)_ G14 Y=8) 
Cela a ee) as) 
If inversely the quotient a/b of two ideals, a and b, where a 


and 6 may or may not have a common factor, is equal to the 
quotient of two principal ideals, (a) and (8) ; that is, if 
a/b= (a)/(B), 
and hence may be taken to represent in the above sense a number, 
x==a/B, then we say that a is equivalent to b. 
For some purposes it is useful to define the equivalence of 


ideals in a narrower manner, considering a equivalent to 6 when 
and only when a number, x, whose norm is positive exists such that 


kaa 00: 


that is, when two integers, a and 8B, whose norms have the same 
Sigit, exist such that 


(B)a= (a)b. 


This definition of equivalence will evidently be essentially dif- 
ferent from the original one when and only when the realm con- 
tains 20 unit whose norm is negative. In quadratic reals this 
will always be the case except when the realm is real and the 
norm of the fundamental unit is — 1. 

In general this definition of equivalence is identical with the 
original one in all realms of odd degree. 

Examples. Show that the following equivalences hold 


1) (23, 8—V—5) ~ (7, 3+V—S), 
2) (7, 1+V —13) ~ (2, 1+-V—13), 
3) (2, tT) ~ 

) (2, V—10) ~ (5, V—10), 

5) (3, 1— V— 14)? ~ (2, V— 14), 


6) (5, 1+1/26) ~ (2, 26), 
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§ 2. Ideal Classes. 

Since, if two ideals, a,, a., be equivalent to an ideal a, they are 
equivalent to each other (§ 1, 1), the ideals of a realm can be 
separated into classes by putting two ideals into the same or 
different classes according as they are or are not equivalent to 
each other. 

The system of ideals composing such a class has the property 
that every ideal in it is equivalent to every other one and that it 
consists of the totality of all ideals which are equivalent to any 
one of the ideals composing the class. 

Such a class is called an ideal class and is denoted by a Latin 
capital letter. 

Any ideal a of a class 4, may evidently be taken as the repre- 
sentative of the class, and the class is completely determined by a. 

The class composed of all principal ideals and as whose repre- 
sentative we can take (1), is called the principal class and is 
denoted by 1. 

If a,, a, be any two ideals of the class A, and b,, b, be any two 
ideals of the class B, then since from 


Q,—~ QM, 


and b, ~ b,, 
it follows that 
a,b, ~ a,b, (§I, 11), 


it is evident that all ideals of the form ab, where a and b are any 
ideals of the classes A and B respectively, belong to a single class, 
C, which class can, however, contain infinitely many ideals other 
than the products ab. 
The ideal class C is called the product of the ideal classes A 
and B and we write 
C== AB: 


For example, we have 


Geta V ety 5) Oy. 
whence it follows that the product of the classes of (3, 1+./ —5) and 
(2, 1+./—5) is the principal class) But (3, 1+*/—5) and 
(2, 1+./ —5) belong to the same class, 4. Hence we have A?=I1. 
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The product of any ideal class A by the principal class is 4; 
that is, 


aia. 
Inversely from Vib 
it follows evidently that le 


In the multiplication of ideal classes it is evident from the 
definition of the product of two classes that the commutative and 
associative laws hold; that is, 


AB=BA 
and AB C= 4. 


We see, therefore, that in the formation of the product of any 
number of classes, A,, A,, --:, Am, the order in which the classes 
are taken will make no difference in the final result, which we 
denote Dy 4,45 ~-> Ay, 

li a,, a5, ---, Gm be any representatives of the classes 4,, A,, 

--, Am, then a,0,-:-Qm is a representative of the class 4,A,---Am. 

If each of the m factors is the class, A, then the product is 

called the mth power of A and is denoted by A™. 


We have Ai=A 
and oo 


THEOREM I. For every ideal class A there exists one and only 
one ideal class B such that the product AB is the principal class. 
Let a be any ideal of the class d anda any number ofa. Then 


ab== (a), I) 


where 6 is an ideal whose class we denote by B. Then from 1) 
it follows that 
Yi enn 2) 


If now a class C other than B exist such that 
PCM Ottomans 3) 


’ Hilbert: Bericht, Satz 45. 
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we have from 2) 
wale Cue Os 


and hence, making use of 3) 
19 fea Oe 


The theorem is therefore proved. 

The class B is called the reciprocal class of the class 4 and is 
denoted by 471. 

It is evident that inversely 4 is the reciprocal class of A-}. 

Defining further A-™ as the reciprocal class of A”, the follow- 
ing laws are seen to hold for any positive integral rational expo- 
Nents, 1, ss. 


AtA& = Ars, (Aye (AB )* = ArB". 


THEOREM 2. Jf A be any ideal class and 6 any ideal, there 
exists 1 A an tdeal prime to b.1 

The quotients obtained by dividing each number, a, of an ideal 
a by a are evidently ideals that belong to a single class. 

Among them can be found an ideal prime to any given ideal 
6, for a can be chosen so that (a)/a is prime to b. Hence the 
theorem. | 


§ 3. The Class Number of a Quadratic Realm. 

We shall now show that the number of ideal classes in any 
given quadratic? realm is finite; that is, there exists in every 
quadratic realm a system of ideals finite in number such that the 
product of any ideal of the realm by one and only one of these 
ideals is a principal ideal. Such a system of ideals for a given 
realm we shall call a complete system of non-equivalent ideals. 

The number of ideals composing such a system, that is, the 
number of ideal classes of the realm is denoted by h. 

To prove that h is finite we need the following theorem: 


THEOREM 3. In every ideal a there exists a number a different 
from o and such that 


* Dirichlet-Dedekind: p. 579. 
* This theorem holds for the general realm of the mth degree. 
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In [a] | < |n[a] val, 
where dis the discriminant of the realm. 
We shall distinguish two cases according as the realm is real 
or imaginary. 
i. Let a be any ideal of a real quadratic realm, k, and 


A, = Aw, ae AW, Ap == bio, + bows, 


a basis of a, where w,, w, is a basis of k. Since a,, a, and their 
conjugates, a,’, a,’ are real numbers, k being a real realm, 
a,v tay, a,x + a,’y are linear forms with real coefficients, and 
their determinant can easily be shown to be different from o. 
Hence by Minkowski’s Theorem (Chap. XIII, Th. 1) there exist 
rational integers, 4, ), such that 


|a,%o + Gp" | = dade ae a,0,"| 

|,’ + e/ No] < | V Ore’ — oat,’ | 
It is easily seen that a,—=a,7, + 4.\5, is the desired number of 
a, for if a=a,x,+a,7,, then a’=a,’*,+4,'4,, and hence 


from 1) | 
|n[a]| < |a,a,’—a,a,’. 


1) 


Moreover, 
4, or eet a,| |, ial ee 
: ja,’ a,’ b, 6b, lo - | 
that is, 
|t,A’ —a,a,’|=|n[a] Vd, 
and hence 


ii. The realm is imaginary. 
Let A,—=p,+10,;, A,=p,+ 10, 
where p,, p2, 0), are real numbers and i= \/— I, be a basis of a. 
Since p,,p.,0,,0¢, are real numbers, whose determinant is dif- 
ferent from o, there exist by Minkowski’s Theorem rational in- 
tepers 4.7. such that 
[Pao + pod'ol s|V e192 — p29|, 


Joy + o25o| s | Ver02 — p29 |- 
‘ Hilbert: Bericht, Satz 46. 
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We shall show that 
A= A,X + Ayo 
is the desired number. 
We have 
A =X) + 42Vy =piro + poo +1( 014% + 72), 
A! Ay! Hy Oy’ Ny = py Xo + poo —1( 0,45 + ooo), 
n[ A] = (pro + poo)? + (01% + o2N)?, 
and hence 
nla] < 2|p10% edd E 
It is easily seen, moreover, that 
|a,a," a 50,’ | === pre. see 1 | , 
whence n[a] < |a,a,’—a,a,’]. 
We have, however, as in i, 
|a,a,’—a,a,'| ==|n[a] Vd, 
and therefore | 
n[a] <|n[a] Vd]. 
THEOREM 4. There exists in every ideal class of a realm, k, 
an ideal whose norm does not exceed the absolute value of the 
square root of the discriminant of k. 


Let A be any ideal class and j an ideal of the reciprocal class 
A, Ly the last theorem there exists in i a number, :, such that 


ja [e] | < |n [i] Val. 2) 
But (c) cmeritt 3) 


where a is an ideal belonging to the class reciprocal to A-?; 
iat isto. 4. 
From 3) it follows that 


|n[e]| =n[j] [a], 
and hence from 2) 
afals|Vdj. 
* Hilbert: Bericht, Satz 50. 
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THEOREM 5. The number of ideal classes of any realm ts 
fiuite.t 

Since every ideal is a divisor of its norm, we shall by the last 
theorem obtain at least one representative of each ideal class of 
any given realm, k; that is, a complete system of non-equivalent 
ideals, if we resolve into their ideal factors all positive rational 
integers which are less than |\/d|, where d is the discrimi- 
nant of k. 

There are evidently only a finite number of rational integers 
satisfying this condition and each of them is resolvable into only 
a finite number of ideal factors. The number of ideals of k 
whose norms are less than | Vd is therefore finite. 

Hence the number of ideal classes of k is finite. 

The last two theorems enable us to determine the number of 
ideal classes of any quadratic realm, the method consisting sim- 
ply in determining into how many classes the finite number of 
ideals fall, whose norms are less than |\/d|.? 

We shall illustrate this method of determining the class number 
by several examples. This we do the more readily as in the 
solutions of these examples will be found many. of the problems 
which arise in reckoning with ideals. 

Our task then being to ascertain into how many classes the 
ideals of any given realm, k, fall, whose norms are <|\V/dl, it is 
evident that this will be accomplished, if we determine into how 
many classes fall the prime ideals and those of their powers and 
products whose norms satisfy the given condition. 


Having determined the prime ideals whose norms are <|\/d| 
by resolving all rational primes which are <|\/d| into their ideal 
factors, we next determine what equivalences exist between these 
ideals, including, of course, (1) as a representative of the prin- 
cipal class. The number of classes given by these prime ideals 
and (1) having been determined, it remains to be ascertained 


* Hilbert: Bericht, Satz 50. 

*This method of determining the class number of a realm is applicable 
to realms of higher degree. See Hilbert: Bericht, p. 226; also “ Tafel 
der Klassenanzahlen ftir Kubische Zahlkorper” by the author. 
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whether any powers and products of these prime ideals, the norms 
of such powers and products being <|\/d|, give new classes. 

The solution of the question whether or no two given ideals 
are equivalent will be discussed in full in connection with the 
numerical examples. 


TueorEeM 6. If h be the class number of a realm, k, the hth 
power of every ideal class is the principal class.* 
Let A be any ideal class of k. 
In the series 
Ai a a 


we must have two classes the same, as 
Ate AT 
and hence Ve, ass 


If Ae be the lowest power of A which gives the principal class; 
then the classes 
ee 4) 
are all different. 
If B bea class different from all the classes 4), then the classes 


B, AB, A®B, ---, AB 


are all different from each other and from each of the classes 4). 
Continuing this process, we see that / is a multiple of e. But e 
was the exponent of the lowest power of any class that gives the 
principal class. 

Hence the /ith power of every class of k is the principal class. 

From this theorem it is evident that the ith power of every 
ideal is a principal ideal. 

Pai 8G) Basis? 14 a ee 

Fach class must contain an ideal whose norm is $|.f —4|, that is $2. 

We shall indicate this: by writing n[a]<|\f—4]|; n[a]=1 or 2. 


We have 


(2) =(1+71)* 


The only ideals whose norms satisfy the given condition are therefore 
(1) and (1+17), both of which are principal ideals. There is therefore 


"Hilbert: Bericht, Satz 51. 
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only one class, the principal class. Hence h=1. Therefore the ordi- 
nary unique factorization law holds in k(i), as we have already seen to 
be the case. 
Ex. 2. k(,\f —3). Basis: 1, #11 +V—3). d=—3 
nfa] S| V —3|, n[a] =1. 


The only ideal whose norm satisfies the given condition is(1), hence there 
is only one class, the principal class; that is, 


ho Y: 
EX a5 RON): Bacis<) 1, \/2500 = 8 
nfo) S|N/S 1) fa] 1 or 2: 


(2) =O/2)’. 


The only ideals whose norms satisfy the given condition are (1) and 
(\/2), both of which are principal ideals. 
Hence 


We have 


f= 1 


Ex. 4. k(\,f/—5). Basis: 1, ~/—5. d—=—20. 
a[a}] =| \/ —20|, [a] =—1, 2, 3, or 4. 


(2) = (2, 1+ V—5)% 

(3). olde 6) ey 
We have now to determine what equivalences, if any, exist between the 
ideals (esr (2, LS), (3, ie a eens 3, I-——\/ —5) and 
(2, 1+./ —5)’, these being all the ideals whose norms satisfy the given 
condition. We see at once that (2, 1-+./ —5)°, = (2), is a principal ideal 
and represents therefore with (1), the principal class. 

On the other hand, it is easily shown that (2, 1+./—5) is a non- 

principal ideal, for, if it were a principal ideal, there must exist an integer, 
a, =x*+y/ —5, such that 


(a) =(2,1+V—5), 
nla] =n(2, 1+ —5); 


that is, two rational integers, x, y, must exist such that 


a’ t sy? = 2. 


This is, however, manifestly impossible. 

Hence (2, 1+ ./ —5) is a non-principal ideal and the representative 
of a new class, which we shall denote by A. 

We have already proved (§1) that (3, 1-+./—S) and (3, 1—V/ —S) 
are equivalent to (2, 1+./ —5). 

They belong therefore to A, and all ideals of k(\/ —5) fall into two 
classes, 1 and A. Hence i =2. It will be observed that 4?=1. 


We have 


and hence 
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Exe St LN 7) sles 


mia) | \/281, 7 nia] == 4, 2.3, OF 5: 


Cy ae 
(3) = (3, 1+-V7) (3, t— V7) 
| ©=6) 
The ideals to be considered are therefore (ay, (2, F/G s 
(3, 1— V7) and (2, 1-+/7)*; of these (1) and (2, 1+ \/7)’ 
belong to the class I. eos 
We proceed as in the case of (2, 1+./ —5) in the last example to 

determine whether (2, 1-+./7) is or is not a principal ideal. In order 
that (2, 1+ ./7) may be a principal ideal, it is necessary and sufficient 
that there exist an integer a, = +--+ y\/7, such that 


| n[a] |=n(2, 1+ V7); 


that is, that there exist rational integers +, y, such that 


We have 


x’ —7y°=2 or —2. 
We see that + = 3, y=I satisfy this condition.” Hence 
(2,1-+V7)=3+ v7), 


a principal ideal, 3+ \/7 being divisible by (2, 1+ ./7), since the latter 
is the only ideal whose norm is 2. We can’ in like manner show that 
(3, 1+ +7) is a principal ideal, for r= 2, y=1 satisfy the condition 


i) io 


(3, 1+ V7) = (2+V7) or (2—V7). 
So far as the task in hand is concerned, it is indifferent to which of the 
two conjugate principal ideals, (2-++./7) and (2— 1/7), (3, 1+/7) is 
equal, for all that we need know is that it is a principal ideal, from 
which it follows at once that (3, I—./7) is a principal ideal, for it 
belongs to the class reciprocal to that of (3, 1+ ./7) since 


(3, 1+-V7)(3, I— V7) ~ (1). 


It is easily seen, however, that 2+ ./7 is not a number of (3, 1+./7) 
while 2—./7 does enjoy this property. Hence 


(3, 1+V7) = (@—Vv*7), 


GP Ny) = 2/7). 


All the ideals of k(.\/7) whose norms are S| .\/d]| being principal ideals, 
we have h=1. 


whence 


and 


This denotes that (5) is a prime ideal. 
* See also Chap XIII, §5, Pell’s Equation. 
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We are assisted in determining to which of the classes, 1, A, 
A?,...,At, if any, a given ideal j belongs by the following 
theorem: 


THEOREM 7. If at be the lowest powcr of a which is a prin- 
cipal ideal, a,a?,---,at ~ 1, being representatives of the t classes 


A, A?, ets At==T, 5) 


and j8 the lowest power of an ideal { which is a principal ideal, 
then in order that { may belong to one of the classes 5) it 1s neces- 
sary that t shall be divisible by s, and furthermore, if this condi- 
tion be satisfied and t=t,s, then j can belong to none of the 
classes 5) except the $(s) classes At, for which i=1,t,, and 1, is 
prime to s. 


If jdt 
then ji~matt~i-}f, 
whence t==0, mod s; 


that is, ¢ divisible by s is a necessary condition that j shall belong 
to one of the classes 5). 


Furthermore, if [I~ a’, 
then pr~ati~i~da', 
whence siz=0, mod t, =2,s, 
and therefore 1==0, mod t,; 
that-1s; ae By 

Then J~ ant, 


ie ~~ Qt, 
jf —_ qfirts, 
JP~ ag, 


i aw Qrirh PED) ie 
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from which it follows, since no two of the ideals j, j?, ---, j® are 
equivalent, that 


its, elit. ay fists, ages) git, Cos, Sih. 
must be incongruent each to each, mod f; that is, we must have 
fi,t, = 91,t,, mod t,—t,s, 


where f and g are any two of the integers, 1, 2, ---, s, different 
from each other. 


Therefore we must have ft, ==gi,, mod s; 


that is, the integers 7,, 27,, ---, si, must form a complete residue 
system, mod s, which can be the case only when i, is prime to s. 

Hence in case j should belong to any one of the classes 5) it 
is possible only to have 


j ue, qits, 


Where ?,——f/s, and 4, 1s prime te 5. 

There are therefore only #(s) of the classes 1) to which it is 
possible for j to belong. 

Ex. 6: as a* be the lowest power of a which is a principal ideal, 
a, a’, ---, a’*~ 1, representing therefore the twenty-four classes 

Wa ee 6) 

Let j° be the lowest power of j which is a principal ideal. 

Since 24 is divisible by 6, it is possible for j to belong to ¢(6) =2, of 


the classes 6). We have t= 4, and those of the classes 6) to which it 
is possible for j to belong are A‘ and A”. 


By means of Th. 7 we can reduce the labor of determining h; 
for, if a be an ideal satisfying Minkowski’s condition, that is, 
n[a] <|Vad], and at the lowest power of a that is a principal 
ideal, then 

G.-055 335 0 1, 


are representatives of t ideal classes, 
A, A, «++, At=1, 7 ) 


and, as we have seen in the last theorem, /: is a multiple of t¢. 
Let now N be the number of ideals of the realm that satisfy 
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Minkowski’s condition, 7 the number of these ideals that belong 
to one or the other of the classes 7), and c the number of the 
known classes 7) that have found representatives among the 
ideals satisfying Minkowski’s condition. 

The ¢ classes 7) must evidently have representatives among the 
N ideals satisfying Minkowski’s condition, and therefore, since 
only c of these classes have yet found representatives among these 
ideals, t—c of the N —u of these ideals whose classes have not 
yet been determined must belong respectively to the t —c classes 
whose representatives are missing. We have then as possible 
representatives of new classes 


N—n— (t—c) ideals, and, if 
N—n—(t—c)<t; 
that is, 11 N—n+c < 2t, 


it follows, since /1 must be divisible by ¢, that 


va 

In particular, if IN a Oe: 

we have at once ae 
If N—u+te< 2t, 


we must proceed to determine whether some of the remaining 
ideals belong to the classes 7). Let j be one no power of which 
belongs to one of the classes 7) and let j* be the lowest power of j 
which is a principal ideal. 

Then j, j*, ---, j*? are representatives of the s—1 new classes, 
B, B?, ---, Bs, and there are now in all st known classes 


Lied ed gleaned gone 


BiB Bus cee holes 


Bet, Bud, Beat, ..., Beat}, 


and /i is therefore divisible by st. 
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If now n and c have their former meaning except that 8) are 
now the known classes, and if 
N—n+c< 2st, 
then io Se. 
If, however, N—nte < 2st, 


we proceed as before to determine the classes to which the remain- 
ing ideals belong, observing always whether 


N—n+e< 2st. 


If we find one that belongs to none of the classes 8), we proceed 
as with jf. 


a ae aay 
Ex, (fy 3) ass = an ‘. oJ) d= — 31. 
Mia S | yf — sre] =, 2 3,4 ors. 
We have oo oe 
(2) — (2 =v) (2 —v—*), 
2 2 
(3) = (3), 
(6 a) (Ge. 
Since 


eye =e 


for any integral values of #* and y, there is no integer of k(\/ — 31) 
whose norm is 2. Hence 


Coa 
We proceed to determine the lowest power of (2 ae a) that 


is a principal ideal. 
We have 
nn fae ey Soe 
(2, VS) = (4, SNE) (0, 
since the only integer of k(,/ — 31), whose norm is 4, is 2, and, if 
Beene N 2 
(2, cance Aegis ) sea), 
2 
(es) (es), 


which is impossible. 


then 
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We have 


since 


; 1+ Y—3! d 
Hence we have so far found representatives, I, { 2, ree ae be 


rings mae) Pave 
(2, vay (2 it) ~1of three classes 1, 4, A’, (A?=1). 


Therefore h is divisible by 3. 
I- —3I 
Of the eight ideals satisfying Minkowski’s condition, (1),( 2, =v), 


Na e/a aNe Eee 2 ea eae vane NGS GG y D 
and (s, ae four belong to these classes and from 
A ene oe EVs! 
e643 i 


—Yyf/— ee an NGS 
we see that (2, 4) belongs to A’, and hence (2, i) 


2 

to A. 
The inequality N —2-+ c < 2t is now seen to hold, for we have N = 8, 
n = 6, c= 3, and ¢ = 3, and it is evident that h=3. The classes to which 


(s: ity —s) and (s: Sh) belong are easily determined, since 


n[ SYE 3 | = 10, 


2 


tO ae sae oe ne EEE AN 
and a is a number of both (2 ‘v= 3) and (5, 3=¥— 3), 
whence 


(S4¥=*) (2 se (s. Eade) 


2 


3+Y—3! 


- Therefore (s. : 


=) belongs to 4, and (s sys) to A*. 


Ex. 8 k(\/82). Basis: 1, \/82. d= 328. 
iS 328 | a1 O35, 2 454 5 6 rae O.-10,-T1, 12.19.04 ¢ 15, 10 35 
or 18. 


446 THE IDEAL CLASSES OF A QUADRATIC REALM. 


We have 

COED) 

(3) = (3, 1+ V82) (3, 1— V82) 
(5) = (5) 

(7) = (7) 

(11) = (11, 44 \/82) (11, 4— V/82) 
(13) = (13, 2+ V/82) (13, 2— 82) 
(17) = (17). 

We must now determine whether (2, \/82) is a principal ideal. To do 
this we determine whether k(\/82) contains an integer whose norm is 2; 
that is whether integral values of x and y can be found satisfying the 
equation 

x — 82y? = 2. 9) 
Using Th. 6, Chap XIII, and developing \/&2 as a continued fraction, 
we see that 


/33 ee I I 
Li aC ee es 
and have 
n an Pn | In My 
I 9 9 | I I 
2 18 163 | 18 I 


From this it 1s evident that 9) has no solution, and hence that (2, \/82) 
is a non-principal ideal. 

From this development of \/82, it is also evident that k(./82) contains 
no integers with norms 3, 5, 6, or 7, and furthermore 9+ \/82 is the 
fundamental unit.t 

That k(\/82) contained no integers with norms 5 or 7 was, of course, 
already shown by the fact (5) and (7) are principal ideals. We have, 
however, learned, in addition to the fact that (2, \/&2) is a non-principal 
ideal, that (3, 1+ ./82) and (3, 1—./&2) are non-principal ideals, since 
k(\/82) contains no integer with norm 3, and, moreover, that neither of 
the products of these last two ideals by (2, \/82) can be a principal ideal, 
since k(\/82) contains no integer with norm 6. 

We shall now determine into how many classes the ideals, which have 
been proved to be non-principal, fall. 

We have (2, \/ 82) as a representative of a new class, A, and A*=1. 

Calculate now the norms of a few integers of k(\/82). We have 
n[8 + \/82] = — 18. 

(8 + \/82) is the product of three ideals whose norms are 2, 3 and 3 
respectively. Since 8+ ./82 is a number of (3, 1—/82) and not of 
(3, 7-+ 1/82), we must have 


(8+ 82) = (2, V8) (3, 1— V82)*. 
~ ¢Since the norm of the fundamental unit, 9 -+ 182, of 


a( 82) is — 1, the non-existence of an integer with a given positive norm implies 
the non-existence of an integer with corresponding negative norm, 
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From which it follows that (3, I — \/82)? belongs to A, and (3, 1 — 1/82) 
gives a new class B. We have A = B*. 

But n[1 — \/82] = — 81=—3*, and 1—\/82 is a number of (3, I—\/82) 
and not of (3, 1+ ./82). Hence 


(1 — \/82) == ee I — \/82)*, 


and we see that we now have four classes 1, B, B’, BS (B*=1), as repre- 
sentatives of which among the ideals satisfying Minkowski’s condition, 
we may take (1), (3, 1—V82), (2, \/82) and (3, 1+ /82). We have 
now N=21, n=14, c= 4, and t= 4, and hence N—n-+c < 2t; that is, 
there are four ideals, the factors of (11) and (13), whose classes are yet 
undetermined and we have found representatives of all of our four known 
classes. One of these remaining ideals might therefore give a new class 
and we should have h—=&. That h is either 4 or 8, we now know. This 
is, however, easily settled, for [7+ /82] = — 33, and 7+-./82 is a 
number of both (3, 1+./82) and (11, 4— 1/82). Hence 


(7 + V82) = (3, 1+ V82) (11, 4— V 82), 
and (11, 4—/82) belongs to the class B. Therefore 


tae 
We see that (11, 4+/82) belongs to B® and from the fact that n[2+./82] 
= — 78 =—2- 3-13, we can show easily that (13, 2 + ./82) belongs to 


B and (13, 2— V8) to B® 

Ex. 9.. Show that += 6 for k (\/ — 26), h=1 for k(\/ —10), h=2 
fOr 1k(\/15); #2 for k(x/20), has. for Wo a, te 
k(\/ — 61). 

The labor of finding h by this method can be reduced by using another 
theorem, due also to Minkowski, which gives a smaller limit below which 
the norms of the representatives of the classes must fall, thus diminishing 
the number of ideals to be examined. This theorem for the general realm 
of the uth degree is as follows: Jn every ideal class there 1s an ideal, a, 
such that 


5 rw! ae 
—atal< (*) rel Vd@i, 


where nis the degree of the realm, d its discriminant, and r the number 
of pairs of imaginary realms which occur among the conjugate realms, 
Nel eee “a aed a : 

In a real quadratic realm, we have nfa] <3] /d|, and in the case 
of k(\/82) need, therefore, to examine only those ideals whose norms are 
less than Io. 

It will be noticed that we did find, as representatives of all classes, ideals 
whose norms satisfied this condition. 


* Minkowski: Diophantische Approximationen, p. 185. See also “ Tafel 
der Klassenanzahlen ftir Kubische Zahlkorper” by the author for its 
application to cubic realms. 
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For a table giving the class numbers of quadratic realms, their funda- 
mental units and other data, see J. Sommer: Vorlesungen tiber Zahlen- 
theorie. 

This table extends, for imaginary realms, to m=—0g7, and, for real 
realms, to m=101. This book should be consulted by those who wish 
to pursue the subject further. 

The class number of a realm can also be expressed by means of an 
infinite series. See Hilbert: Bericht, Cap. VII and § 79; also Dirichlet- 
Dedekind: § 184. 


We shall close this chapter with a theorem that gives important 
information regarding the class number of a realm in a certain 
special case. For its proof, we shall need two theorems, the 
second of which throws additional light upon the question whether 
the norm of the fundamental unit of a real quadratic realm is 
I or —I. 


THEOREM 8. Every number, a, of a quadratic realm, k(\/m), 
whose norm is I, can be represented as the quotient, y/y', of two 
conjugate integers, y, y', of the realm. 

We have seen that a can be put in the form 


a+ bw 


c 


where I, w is a basis of the realm and a, b and ¢ are rational 
integers. Let y==. + yo, where + and y are rational integers to 
be determined, and let the rational equation of which w is a root be 


wtertf=o. 
egal 
a + bo seas te Vw 10) 
G ay + Vo" 

Making use of the relations » +o’ —=—e, and wo’ =f, we 

have from 10), as the equations that + and y must satisfy, 

(a—c)a + (bf —ae)y =o, 

ri) 


br —(a+c)v=0. 
These equations evidently have a solution different from +=a 


*See Hilbert: Bericht. Satz 90. 
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~ y==o when and only when the determinant, D, of their coefficients 
is o, and, if D=o, they have an infinite number of solutions 
X=rx,, y=ry,, where +,, y, is any particular solution different 
from 0, 0, and hence have an infinite number of integral solutions, 
for we can choose r so that rx,, ry, are integers. 
We have 
D=—@ + abe— b*?f +c? =— n[a]-c? + c? =0, 
since n[a]==1. Hence the equations 11) have an infinite number 
of integral solutions and the theorem is therefore proved. 
As a particular solution of 11), we may take r—a+c, y= b, 
all integral solutions then being of the form 
So Sao) sb 
t 


A irae i 


where s and ¢ are rational integers and ¢t a common divisor of 
atc and Bb. 

We can, of course, take a, b and c without a common divisor, 
and then have also a prime to J, since n[a] —1. 
2a 5. 
ee 


Ex. ret a We have:@--2, b= 6 = 3 ane hence 


2S aay 
Se eae ee, 

THEOREM 9. If the discriminant, d, of a real quadratic realm, 
k( Vm), be divisible by a single prime number, the norm of the 
fundamental unt of the realm is — 14 

In order that d may be divisible by a single prime number, we 
must have m= 2, or a prime=1I, mod 4. 

Let « be the fundamental unit of k(\/m). 

If n[e] 1, by Th. 8 there would exist an integer, y, of 
k(Vm) such that 


€ = _ I2) 
Y 
Then from 12) it would follow that 
Oss y 


* Hilbert: Bericht, p. 294. 
29 
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and hence that (y) is either an ambiguous ideal (p. 347), an 
ambiguous ideal multiplied by a rational principal ideal (a), or 
(a). Since, however, d is divisible by the single prime m, the 
realm contains only one ambiguous prime ideal (\/m), which is 
therefore the only ambiguous ideal of the realm. Hence. we 
must have 


(y)= (Vm), (aVm) or (a), 
and therefore y==nVM, naVm or ya, 


where 7 is a unit. But we have then from 12) 


nVm nav m n@ 
aaa ae — or —, 
—r7 Vm —yavim n'a 
and hence e==— 7” or 7’, 


from which it would follow that e is not the fundamental unit, as 
was assumed. Hence the assumption that »[e] 1 is untenable, 
and the theorem is proved. 


The realms k(\/2), k(\/5) and k(\/17), whose fundamental units 


have been found to be 1+ 1/2, 3(1-++ 1/5) and 4+ \/17 respectively, 
will illustrate the truth of this theorem. 


THEOREM 10. If the discriminant of a quadratic realm, k(V/m), 
be divisible by a single prime number, the class number, h, of the 
realm is odd.* 

Assume h to be even. Then there is in the realm certainly one 
non-principal ideal, j, whose square is a principal ideal; that is, 
j2~1. But we have also jj’ ~ 1, and hence j ~ j’; that is, there 
exist integers, a, 8, of the realm such that 


(a)i= (B)T- 13) 


From 13) we have n[(a)]==n[(@)], whence a/8,=k, 1s a 
number of the realm whose norm is +1. When k(Vm) is 
imaginary, we have n[x]=— 1, and when k(Vm) is real and 
n[e]==—1, where e is the fundamental unit, we have either 
iix|=s1, or nle|==1.. By Th..8 we can: put-«—-7/7.. oF 
ex == y/y', according as n[x] 1 or —1I, y and y’ being conju- 
gate integers of the realm. In both cases, we have 

* Hilbert: Bericht, Hiilfsatz 13. 
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2) Oy 

(By). 
and hence from 13) (y)j=(y’)j’,; as a consequence of j? ~1, 
where j is a non-principal ideal; that is, as a consequence of h even. 

Hence (y)j is either an ambiguous ideal, an ambiguous ideal 
multiplied by a rational principal ideal (@), or (a). Since, how- 
ever, when m= 2, or a prime =I, mod 4, the realm contains no 
ambiguous ideal other than (\/m) (see proof of Th. 9), and, in 
in the case of k(i), the only ambiguous ideal is (1-+7). We see 
that in all cases (y)j{ must be a principal ideal, and hence j a 
principal ideal. But this renders untenable our assumption that 
h is even. Hence h is odd. 

The realms k(t), k(\/ —3), k(/2) and k(\/ —31), whose class 
numbers were found to be 1, 1, I and 3 respectively, will illustrate the 
truth of this theorem. 

It is evident that in determining the class number of a realm, 
satisfying the conditions of Th. 10, we can use, since h must be 
odd, instead of the inequality N—n-+c< at, the inequality 
N—n-+c < 3t, thus shortening the work still further. Making 
use of this in Ex. 7, it is unnecessary to determine the class to 


which belongs ( 2 a _ a ) 


INDEX. 


Numerals refer to pages. 


Ambiguous ideal, 347. 

Appertains, exponent to which an in- 
teger, 99, 393. 

Associated integers, in R, 9; in Rk(1), 
163; in k(V—3), 223; in k(V—s), 
246. 


Basis, of k(i), 159-161; of kV—3), 
220; of k(V2), 232; of kCV —S5), 
245; of k(Vm), 284-287, determi- 
nation, 289-292; of ideal, 293-295, 
determination, 351-355. 

Biquadratic residues and reciprocity 
law, 205-217. 


Character of an integer, quadratic, in 
Hg 


200, 212 


27. in k(t), ete; biquadratic, 

Classes, ideal, definition, 432; prin- 
cipal class, 432; product of, 432; 
reciprocal, 434. 

Classification of the numbers of an 
ideal with respect to another ideal, 
326-330. 

Class number of a realm, definition, 
434; is finite, 437; determination, 
437-448, 451. 

Congruences, definition, 31, 297, 323; 
elementary theorems, 32-37; 323- 
326; of two polynomials, 57, 370; 
of condition, 59-61, 369-372; of 
first degree in one unknown, 68-70, 
3757350; 62-64, 372, 
373; transformations, 62-64, 372, 
374; equivalent systems, 64; of nth 
degree in one unknown, preliminary 
discussion, 66-68, 374, 275. Toot, 66, 
374, with prime modulus, 88-90, 
385-387, composite modulus, 95-97, 
391, 392; multiple roots, definition, 


equivalent, 
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89, 386, determination, 93, 94, 386; 
limit to number of roots, 89, 386; 
xo(m__j——o0, mod m, 90; x¢(™)—1 
==-0, mod m, 387, 388;' common 
roots, 92, 93, 389; binomial, r11o- 
and imprimitive 


I12, primitive 


roots, 111; +%==b, mod p, 114- 
116, Euler’s criterion, 115; of sec- 
ond degree with one unknown, I19- 
121; solution of «*==—1, mod fp, 
by means of Wilson’s theorem, 129, 
130; in k(1), 180, of condition, 190. 

Conjugate, numbers, 4; realm, 4. 


Dirichlet’s theorem regarding infinity 
of primes in an arithmetical pro- 
gression, II. 

Discriminant, or © R(i);: 1613... of 
REN ae oer otk ey 2). 232 Ot 
k(V —5), 245; of k(Vm), 287, 
288; of number, 284. 

Divisor, greatest common, in R, 16, 
18, 25; in k(t), 173; of two ideals, 
310-313, 318; discussion of defini- 
POtt 252. 

Divisors, of integers in R, number of, 
23, sum of, 24; of ideal, number of, 
418. 


Equivalence of ideals, 427-431; in 
narrower sense, 431. 

Eratosthenes, sieve of, 10. 

Euler’s criterion for solvability of 


«vn ==b, mod fp, 115, 122. 


Factorization of a rational prime de- 
termined by (d/p), in R(t), 179; in 
k(V —3), 229; in k(Vm), 347, 
348. 

Fermat’s theorem, 57; as generalized 
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by Euler, 57; analogue for k(1), 
189; analogue for ideals, 368, 369. 
Frequency of the rational primes, 11. 


Galois realm, 281. 
Gauss’ lemma, 130. 
Generation of realm, 3. 


Ideal numbers, necessity for, 253; 
nature explained, 254-257; Kum- 
mer’s, 267. 

Ideals, definition, 257, 293; numbers 
of, 293; basis of, 293-295; can- 
onical basis of, 294; determination 
of basis, 298-301; numbers defin- 
ing, 295; symbol of, 257, 295; in- 
troduction of numbers’ into and 
omission from symbol, 258, 295, 
296; principal and non-principal, 
260, 261, 297; conjugate, 301; 
basis of conjugate, 301; equality of, 
258, 259, 302; multiplication of, 
261, 262, 302, 303; divisibility of, 
263, 303; common divisor of, 303; 
prime, 263-265, 304; norm of, 326- 
338, 351. 

Imprimitive numbers, see primitive 
numbers. 

Incongruent numbers, complete sys- 
tem of, in R, 34; in k(t), 182-185; 
in k(Vm), 326. 

Index, of a product, 106, 399; of a 
power, 106, 399. 

Indices, definition, 105, 399; system 
of, 106, 399; solution of congru- 
ences by means of, 108-110, 400- 
402. 

Integers, of R, 7, 23; absolute value 
itr 75 395° ol RG), 157; sof 
k(V —3), 219; of k(V2), 231; of 
k(V —5), 245; of k(Vim), 284- 
287; general algebraic, 1, 275-279. 

Legendre’s symbol, 127. 

Multiple, least common, in aes OF 
two ideals, 310-312, 318. 


Non-equivalent ideals, complete sys- 
tem of, 434. 

Norm, of a number, in k(i), 156; in 
k(V—3), 218, 221; in k(V2), 231; 
in k(V —5), 245; in k(Vm), 283; 
of an ideal, definition, 326, 337, 
value, 330, determination, 351; of a 
product of ideals, 334; of a prin- 
cipal ideal, 337; of a prime ideal, 
338. 

Numbers, algebraic, definition, 1; de- 
gree of, 1; conjugate, 4; rational 
equation of lowest degree satisfied 
DY, 2.27335) 00-17; OL hit) case 
of k(V — 3), 218; of k(V2), 231; 
of k(V —5), 245; of the general 
realm, 271-279; of k(Vm), 281. 

Number class, rational modulus, 32, 
33; ideal modulus, 324. 


Pell’s equation, 423-426. 

¢-function, in R, definition, 37, gen- 
eral expression, 38, 44, 53, product 
theorem, 45, summation theorem, 
46, -75,;. of higher order, 54> in 
k(t), 185-188 ; for ideals, definition, 
358, expression for power of prime 
ideal, 359, general expression, 359— 
362, 366, 367, summation theorem, 
362, 363, 367, product theorem, 360, 
361, of higher order, 367. 

Polynomials in a single variable, 268— 
re 8 

Polynomials with respect to a prime 
modulus, reduced, 62; degree of, 
76; divisibility of, 76, 380; com- 
mon divisor of, 76, 380; common 
multiple “of, 76, ° 380; anit, 77, 
381; associated, 77, 381; primary, 
78, 381; prime, 78, 381; determina- 
tion of prime, 78, 381, 382; congru- 
ence with respect to a double 
modulus, 81; unique factorization 
theorem for, 82-87, 382-385; divi- 
sion of one by another, 382. 

Power of a prime by which m! is 
divisible, 26. 
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Primary integers of k(t), 193-196. 

Prime factors, resolution of an ideal 
into, 348-350. 

Prime ideals, of k(V —5), 263-265; 
of k(Vm), definition, 304, deter- 
mination and classification, 339- 
348. 

Prime numbers, of R, definition, 9, 
infinite in number, 10; of k(t), defi- 
nition, 165, classification, 177; of 
k(V —3), definition, 223, classifi- 
cation, 227-230; of k(V2), defi- 
nition, 235, classification, 238-240; 
of k(V —5), 246, 247. | 

Primitive numbers, of k(i), 157; of 
k(V —3), 218; of the general 
realm, 274, 275; of k(Vm), 282, 
283; with respect to a prime ideal 
modulus, 3098. : 

Primitive root, definition, 100; deter- 
mination, 112; of prime of form 
2741, sr; of prime of form 
40 +t 192. 152; 


Realm, definition, 3; generation, 3; 
degree, 4; conjugate, 4; number 
defining, 4, 280; number generating, 
4. 

Reciprocity law, for quadratic resi- 
dues, in R, 135; in k(#), 201-205; 
determination of value of (a/p) by 
means of, 144; other applications 
of, 149; for biquadratic residues, 
210, 215-217. 

Residue, odd prime moduli of which 
an integer is a quadratic, 128, 145, 
147; prime moduli of which —1, is 
a quadratic, 128; prime moduli of 
which 2 is a quadratic, 133. 

Residue system, complete, in R, 33, 
34; in R(t), 182-185; in k( Vm), 


326;° reduced," in 37 3am kG), 
185, in k(Vm), 358. 

Residues of powers, definition, 08, 
392; complete system of, 98, 393; 
law of periodicity, roo. 

Residues, n-ic, 116; quadratic, in R, 
121, in k(t), 196-201; quadratic 
non-, 121; determination of quad- 
ratic, 124; with respect to a series 
of moduli, integer having certain, 
70; cubic, 250; biquadratic, 205- 
ay a 


Sub-realm, 157. 
Symbol, Legendre’s, 127; for ideal, 
257, 295- 


Unit ideal, of k(V—s), 263; of 
k(Vm), 304. 

Unit, fundamental, of k(V2), 233; 
of k(Vm), definition, 420; deter- 
mination, 420-426. 

Winite Ob he OF RCL), 109 + Or 
Rly 4) 220" ‘ot BUY 2), p232- 
235; of kR(V —5), 246; of k(Vm), 
definition, 403, realm imaginary, 
404, realm real, 405-426. 

Unique factorization theorem, in R, 
12; in k(t), 167, 174, graphical 
discussion of, 169; in k(V2), 236, 
237; in k(V—3), 226; in R(V—S), 
failure of, 247-253, necessity for, 
253, restoration in terms of ideal 
factors, 265, 266; realms in which 
original method of proof holds, 
248-250; for ideals in k(Vm), 
305-317. 


Wilson’s theorem, 91; as generalized 
by Gauss, 91; analogue for ideals, 
388, 389. 
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